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1 Introduction

1.1 Radiation treatment in cancer and normal tissue toxicity

More than 50% of all cancer patients receive radiotherapy (RT), at least once during
their disease [6, 32]. Therefore, RT is one major treatment option for tumor patients besides
surgery and chemotherapy. However, most often different treatment modalities are combined
to achieve best tumor control and quality of life [78].

Radiation is applied with high-energy photons, charged particles like protons or heavy
ions. RT is high effective in tumor cell kiling because of its DNA damaging capacity.
Especially DNA double strand breaks were identified as main contributors to the tumor cell
killing characteristic of ionizing radiation (IR) [95]. RT triggers the generation of free radicals
and reactive ions, particularly hydroxyl radicals. These molecules can cause further damage
to cells resulting in a cellular stress response or cell death [13]. Due to its high potential to
eradicate tumor cells, RT is one of the most effective cancer treatments [6].

Although there has been much technical improvement to administer the IR precisely
to the tumor volume and spare as much healthy tissue as possible, normal tissue toxicity
remains an important dose-limiting factor in RT [6]. The tolerance of the normal tissue to the
toxic effects of IR is normally higher than the sensitivity of the tumor cells. The difference

between the dose-response curves of the specific tumor type and the surrounding tissue
defines the therapeutic window of RT (Figure 1) [78]. High intrinsic radioresistance of tumor
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Figure 1: The therapeutic window in RT: The therapeutic window is defined by the difference between the
probability of a certain radiation dose to kill the irradiated tumor cells and the probability to damage the normal
tissue within the irradiation field. The wider the therapeutic window the more effective RT can be in tumor control
and normal tissue toxicity (left part). Sensitizing tumor cells for irradiation and protecting normal tissue from
irradiation can help to widen the therapeutic window (right part). Modified from [78] and [44]
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cells, for example mediated through mutations or hypoxia, aggravates successful therapy
outcomes [97]. Thus it is favorable to combine RT with other therapies to widen the
therapeutic window, by sensitizing the tumor for RT-mediated cell death and/or by protecting
the normal tissue from adverse effects of RT.

The lung is one of the most sensitive organs to radiation-induced damage.
Nevertheless, RT is a standard treatment option for patients suffering from a neoplasm in the
thoracic room e.g. lung tumor, head and neck cancer, or breast cancer. Also, patients who
receive total body irradiation (TBI) in conditioning regimens for stem cell or bone marrow
transplantations receive irradiation of the lung [69]. A major challenge for treating lung cancer
is the high radioresistance of the tumors mediated for example through high intrinsic repair
capabilities, hypoxia or a large tumor volume at the start of the treatment [159]. On the one
hand, RT aims to achieve highest possible tumor control rates, by applying high radiation
doses so that normal tissue toxicity cannot be excluded [122]. On the other hand, the high
radiosensitivity of the normal lung tissue limits the applied dose, thereby enhancing the risk
of local relapses and reducing tumor control [159].

Adverse side effects of RT are generally subdivided into early or acute toxicities and
late or chronic toxicities [20, 69]. Regarding the normal lung tissue, side effects include acute
inflammatory responses (pneumonitic phase) as well as chronic inflammatory responses,
tissue remodeling and fibrosis development (fibrotic phase). Particularly these late side
effects limit the total dose that is applied during the treatment as they are of a progressive
nature [20, 156]. Radiation-induced pneumonitis and fibrosis are life-threatening adverse
side effects of RT, but currently there are no therapies for a complete prevention or treatment
of the diseases available [47]. Although already a lot of research has been done investigating
and improving the direct damage of IR to tumor cells [38, 89], the side effects induced in the
irradiated surrounding tissues are still not well understood. Consequently, there is a high
need for the development of new treatment approaches to reduce normal tissue toxicity in
RT.

1.2 Radiation-induced pneumopathy

1.2.1 Radiation-induced pneumonitis

Radiation-induced pneumonitis develops usually 4-12 weeks after radiation treatment
and occurs in 5-20% of patients with lung or breast cancer in the irradiated and non-
irradiated lung regions [47, 90, 119]. For patients receiving TBI the incidence of radiation
pneumonitis was shown to be higher than 30% [69]. The damage of the lung tissue depends
on the dose and volume of the irradiation field, but also on patient related factors like age,
gender and performance status [122]. The symptoms of radiation-pneumonitis range from



low-grade fever and nonspecific respiratory symptoms up to dyspnea, non-productive cough,
and chest pain [90, 119, 122]. During this acute phase of lung injury a massive infiltration of
lymphocytes, monocytes, neutrophils and macrophages and subsequent changes in the
cytokine and chemokine reservoir has been described from others and our lab [2, 17, 65,
125]. For details see section 1.3.2. Up to now, no causative but symptomatic treatment with
glucocorticoids is available, which might reduce inflammation and inhibit endothelial cell
toxicity [48]. Other anti-inflammatory agents (Azathioprine and cyclosporine) were shown to
effectively dampen the symptoms of pneumonitis and could be used if glucocorticoids are not
suitable [48, 110].

1.2.2 Radiation-induced lung fibrosis

Radiation-induced lung fibrosis (RILF) is the late adverse effect, limiting the treatment
dose and enhancing the risk of tumor relapses simultaneously [20, 156]. Fibrosis
development can occur in patients, who did not have pneumonitis before or were
asymptomatic after acute pneumonitis [160]. Pulmonary fibrosis appears around six months
up to years after irradiation. Major symptoms are breathing difficulties due to volume loss of
the lung upon massive collagen deposition [20, 90]. So far, no treatment for patients suffering
from RILF is available, but different approaches are in experimental investigations [20, 90,
160].

Fibrosis is characterized by accumulation of extracellular matrix (ECM) molecules in
the lung tissue, leading to tissue scarring, progression of volume loss, and subsequent
reduction of breathing ability (Figure 2) [165]. Fibrotic areas are mainly composed of
collagens and fibronectin. Both proteins are known to be synthesized and secreted by
fibroblasts. Various cell types are thought to impact on the development of RILF. One
example are myofibroblasts, which can either derive from fibroblasts, circulating fibrocytes, or
through epithelial-mesenchymal transition (EMT), a process in which epithelial cells undergo
a transition to fibroblasts or myofibroblasts via migratory mesenchymal cells [120, 146, 161,
165]. Furthermore, radiation-induced damage to resident lung cells may lead to a delayed
death of bronchiolar epithelial cells and result in a loss of barrier function [34]. Immune cells
are recruited to the irradiated lung tissue and have been correlated to pathologic actions in
patients with pulmonary fibrosis [65, 146]. The underlying mechanisms leading to pulmonary
fibrosis are still not fully understood and although it is thought to be a deregulation of repair
processes, potentially resulting from chronic inflammation, the contribution of the different
immune cells to pathogenesis remains elusive [12, 16, 83, 165]. A detailed analysis of the
different immune cells is described in the section 1.3.2.
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Figure 2: Schematic overview of a healthy lung and alveoli compared to alveoli in pulmonary fibrosis. The
tissue between adjacent alveoli is thickened and irregular. Large areas of fibrosis, which mostly consist of
collagen, can be found. The structure of the air spaces is irregular (http://www.mayoclinic.org/diseases-
conditions/pulmonary-fibrosis/home/ovc-20211752).

1.2.3 Model systems to study radiation-induced normal tissue damage

The development of radiation-induced pneumonitis and lung fibrosis is a multicellular
process that includes the complex interaction of various types of cells and soluble mediators.
Model systems in the cell culture including two or three different cell types are not able to
mimic the ongoing processes in the human body. Consequently, it is unavoidable to use in
vivo model systems to study radiation-induced lung toxicity. One possible and most often
used model organism that is also used by our lab is the mouse. Therefore, the following
section focusses on murine models to investigate pulmonary fibrosis.

The most commonly used model to investigate different types of pulmonary injury
(e.g. idiopathic pulmonary fibrosis (IPF) or chronic obstructive pulmonary disease (COPD)) is
the bleomycin (BLM) model of lung injury [102]. BLM has been shown to induce lung injury
as well as fibrosis in many model organisms like mice, rats, hamsters, dogs and primates,
but is mostly used in murine studies [99, 102]. BLM is an antibiotic, produced by
Streptomyces verticillus and used in cancer therapy, due to its tumor killing ability [54, 96]. It
was shown that BLM induces single and double strand breaks in the DNA. Therefore, it is an
useful agent to mimic irradiation-induced damage [137].

The model of BLM-induced lung fibrosis is separated further into different models.
One intratracheal (i.t.) instillation of BLM leads to an acute lung injury (acute model) and to
the development of fibrosis within 14 days which is mostly located bronchiocentric [23, 96]. It
has been reported that in contrast to the human disease fibrosis can resolve in the i.t. model
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of BLM-induced lung fibrosis [99]. More recently, a model of repetitive i.t. injections of BLM
has been established and it was described to mimic the chronic aspect of pulmonary fibrosis
more accurately [31]. Several intraperitoneal (i.p.) or intravenous (i.v.) injections of BLM
result in lung inflammation and a more lasting fibrosis development around 28-33 days with
subpleural scarring similar to the pathology in humans (chronic model) [23, 174].

Another in vivo model to study radiation-induced lung injury is a radiation-based
model with a single high dose of IR. Thereby the mice undergo either a total body or whole
thorax irradiation (WTI) with doses ranging from 12 to 15 Gy [99]. The irradiation model
mimics the pathology observed in the clinics with a pneumonitic phase, one to three months
after irradiation, and fibrosis development, after more than 6 months (24-30 weeks) [61, 99].
A disadvantage of the irradiation model with a single high dose is that the irradiation dose in
cancer treatments is usually applied in fractionated doses to improve cytotoxic effects to the
tumor and reduce normal tissue damage [19]. A more suitable model would therefore be a
fractionated model. However, fractionated models of thorax irradiation are so far only
reported in studies with rats and not mice [151, 153]. In the future, it will be necessary to
establish also adequate murine models with fractionated irradiation schemes to improve the
clinical relevance of the model.

It has been shown that fibrosis development after BLM treatment or thorax irradiation
is strongly strain specific. In the model of BLM-induced lung fibrosis the murine strains CBA
and C57BL/6 were shown to be fibrosis-prone, whereas BALB/c mice were fibrosis-resistant
[96]. In the model of irradiation-induced fibrosis C3H/HeJ and CBA/J were shown to be
fibrosis-resistant [99]. BALB/c mice developed only small areas with mild fibrosis after thorax
irradiation [61], whereas C57BL/6 mice are reported to be fibrosis prone [60, 99]. All
experiments in this project were conducted with the fibrosis-prone mice strain C57BL/6 and
by irradiating the mice over their whole thorax with a single high dose of 15 Gy from a
Cobalt-60 source.

1.3 Driving forces of inflammation and repair processes upon

irradiation injury

1.3.1 Soluble mediators

Initially, IR causes DNA single- and double-strand breaks as well as reactive oxygen
and nitric oxide species (ROS and NOS) [13]. ROS and NOS can induce further DNA
damage or damage to ECM components. Even more, these highly reactive molecules initiate
stress responses and immune responses. Unrepaired DNA damage might lead to cell death,
which in turn causes an immune response initiating the elimination of damaged cells and

debris and the repair and regeneration of the wound [134].
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Danger-associated molecule patterns (DAMPs) are endogenous molecules created
and released upon tissue damage. Examples for DAMPs are heat shock protein 70 (HSP70),
high mobility group box 1 protein (HMGB1), surfactant protein A, adenosine triphosphate
(ATP) and hyaluronan (HA) fragments [112, 149]. They are known as key molecules in the
initiation of tissue repair. DAMPs act via toll-like receptors (TLRs) and lead to two main
intrinsic pathways depending on the receptor and the associated proteins they bind to [149].
The first pathway leads, via several stages, to the activation of nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-kB) and results in the expression of pro-inflammatory
cytokines. The second pathway results in the synthesis of pro-inflammatory interferons (IFN)
[112]. However, DAMPs are reported to be highly upregulated in many pathologic conditions
revealing an important role for regulated DAMP secretion/production [144, 149].

Furthermore, irradiation induces rapid changes in cytokine/chemokine expression and
redox-sensitive proteins, where the latter could be a result of pro-inflammatory
cytokines/chemokines [128]. Generation of ROS through cytokines causes enhanced cell
death and DNA damage [128]. The main goal of cytokine/chemokine release upon irradiation
is the restoration of tissue homeostasis as well as the orchestration of cell communications
between mesenchymal, epithelial and immune cells [128]. Cytokines, chemokines and
DAMPs work closely together to fulfill this task. [108]. It is also known that cytokine cascades
that are initially driven by DAMPs drive inflammatory tissue damage [129]. Release of
cytokines, chemokines and DAMPs trigger immune cell infiltration to the damage site. During
regeneration anti-inflammatory cells infiltrate to the tissue and help to orchestrate the
substitution of damaged areas by secretion of ECM components [128]. The first cytokines
being released are among others interleukin 1, 6 (IL-1, IL-6) and tumor necrosis factor alpha
(TNFa). Those are able to activate especially the resident immune cells like lymphocytes and
macrophages [128] and can be found increased in plasma shortly after irradiation [119].
Mediated through cytokines and chemokines, adhesion molecules on the endothelial
membranes are upregulated to facilitate the infiltration of more lymphocytes, monocytes and
macrophages into the lung tissue from the blood [119].

1.3.2 The Immune cells

Irradiation within the thoracic room leads to an influx of diverse types of immune cells
that orchestrate a complex interaction with resident cells as well as with each other. Among
them are T lymphocytes and myeloid cells/ macrophages which are in the focus of this
thesis. T-lymphocytes as well as myeloid cells and neutrophils were found to be elevated
after radiation treatment in breast cancer patients [85]. We and others showed in a preclinical
mouse model that WTI leads to an infiltration of activated T cells [17, 22, 64, 105]. Similarly,
in a study with rats undergoing hemithorax irradiation an influx of CD4* T cells was observed
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at 4 weeks after irradiation. A depletion of those cells resulted in reduced alveolar thickening
[157]. In a patient based study RT also led to an increase in CD4" and CD8" T cells in
bronchoalveolar lavages (BAL). Patients who were later diagnosed with pneumonitis were
characterized by higher total cell counts and higher proportions of T-lymphocytes [105].
Similar results were obtained by two other studies analyzing BAL samples of irradiated and
non-irradiated patients. Interestingly, pneumonitis could be detected in both lung lopes
although irradiation was limited to one half [85, 121]. Also in a murine model, inflammation
could be observed in all lopes of the lung although only the right hemithorax received
radiation treatment [35]. Taken together, the data suggest an important role for inflammatory
T-lymphocytes in radiation-induced pneumonitis and indicate the inclusion of systemic
effects. Our lab could furthermore show that the loss of mature T and B-lymphocytes in
recombination activating gene 2 (RAG2) deficient mice was accompanied by an early onset
of fibrosis [17]. Moreover, important roles for CD4" T cell subsets in pro-fibrotic actions have
also been proposed, for example through the secretion of IL-4, IL-5 or IL-13 [163]. These
data indicate crucial roles for T-lymphocytes in early and late events after WTI.

Besides lymphocytes also myeloid cells and macrophages infiltrate into the lung upon
irradiation [17, 63, 87]. Macrophages are the first line of defense and responsible for the
orchestration of the immune response. One of their major functions is the phagocytosis of
apoptotic neutrophils that infiltrate into the lung upon tissue injury [56]. In previous studies
from our lab hemithorax irradiation of C57BL/6 mice led to increased levels of various
macrophage-related cytokines and chemokines in BAL. Elevated mediators include
macrophage-colony stimulating factor (M-CSF), macrophage chemoattractant protein-1
(MCP-1; CCL-2), macrophage inflammatory proteins (MIP)-13 and MIP-2. Moreover,
irradiation led to the formation of lipid-loaded macrophages, indicating a disturbed lipid
metabolism [17].

Alveolar macrophages infiltrate into the airways shortly after birth. Once in the lung
tissue they are known to be able to undergo self-renewal [50, 52]. But in the case of
depletion of alveolar macrophages through IR it has been shown, that circulating monocytes
can contribute at least partially to a repopulation [86]. Pulmonary macrophages are the first
line of defense, phagocyting cell debris and pathogens [81]. In general, macrophages show a
high plasticity and rapidly respond to changes in their microenvironment [45, 56, 113].
Therefore, they have been subdivided into classically and alternatively activated
macrophages. The classical activation refers to a pro-inflammatory phenotype and is also
named M1 phenotype, whereas the alternative activation refers to an anti-inflammatory
macrophage phenotype and is also named M2 phenotype [45, 113]. It has been suggested
that pro-inflammatory macrophages contribute to radiation-induced pneumonitis, whereas
anti-inflammatory macrophages contribute to RILF [34].
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Activation of TLRs through DAMPS or the cytokine IFN-y, which is released upon
tissue injury, can drive the polarization into a pro-inflammatory macrophage phenotype. Pro-
inflammatory macrophages show improved phagocytic capacity and production of pro-
inflammatory cytokines to recruit further immune cells from the circulation to the site of injury
[56, 81, 138]. A study from Savani and colleagues revealed that i.t. injection of BLM in rats
resulted in an influx of macrophages [127]. Furthermore, in a study with C57BL/6 mice
receiving 12 Gy WTI macrophages expressed the inducible nitric oxide synthase (iINOS) a
known marker of the pro-inflammatory phenotype of macrophages early after irradiation
[171].

Apart from that, the accumulation of macrophages and their mediators is also one
characteristic feature of chronic inflammatory diseases [91]. The source of enhanced
chemokines in chronically inflamed tissues (e.g. in patients with IPF [18], rheumatoid arthritis
[71] or BLM-induced lung injury in mice [132]) could be attributed to activated macrophages
[91]. Macrophages have been reported to drive fibroblast recruitment and activation during
fibrotic diseases [164]. The secretion of pro-fibrotic mediators like osteopontin (OPN),
transforming growth factor beta (TGFB) and platelet derived growth factor (PDGF) has also
been attributed to macrophages in fibrotic tissues [143, 163].

Interestingly in pathologic conditions that include chronic inflammation, macrophages
with an anti-inflammatory phenotype were found. Alternative activated macrophages are
suspected to drive IPF, COPD [173] and potentially RILF [171, 173]. Moreover, macrophages
in irradiation-induced fibrotic lung tissues were found to express arginase-1 (ARG1), a
protein that competes with INOS for its substrate L-Arginine. The products emerging from the
metabolism of L-Arginine through ARG1 drive cell growth and collagen synthesis. Therefore,
ARG1 activity is a feature of anti-inflammatory macrophages [171].

Prominent roles for macrophages, especially alternatively activated macrophages,
and T-lymphocytes in the development of pulmonary fibrosis have been suggested.
However, the underlying mechanisms are not yet understood. Particularly their role in RILF

remains elusive and further investigations are required.
1.4 Signaling molecules investigated in the present thesis

1.4.1 Purinergic signaling

ATP and adenosine play an important role in the orchestration of inflammation and
repair in the lung [33]. ATP is actively or passively released upon cell death, damage or
stress induced for example by IR [167]. Extracellular ATP is a “danger” signal and belongs to
the earlier mentioned DAMPs [112]. First of all, extracellular ATP can initiate a pro-

inflammatory immune response that leads to the infiltration of pro-inflammatory immune cells
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[68]. ATP can act via direct binding to receptors, namely P2X and P2Y receptors, or it can be
converted via membrane bound enzymes [33]. The ectonucleoside triphosphate
diphosphohydrolase-1 also known as CD39 is an enzyme located on the cell surface of many
immune cells, like neutrophils [37], lymphocytes [4] and dendritic cells [7] but also epithelial
cells and fibroblasts [15] or vascular endothelial and smooth muscle cells [167]. CD39
hydrolyzes extracellular ATP to adenosine diphosphate (ADP) and is also capable of
hydrolyzing ADP to adenosine monophosphate (AMP). The produced AMP can subsequently
be converted via the ecto-5'-nucleotidase (CD73) to adenosine. CD73 is found on the cell
membrane of immune cells like neutrophils [36], dendritic cells [7], macrophages [173] and
lymphocytes [4] but also on vascular endothelial cells [167]. Extracellular adenosine can
pursue three different ways: enzymatic inactivation, cellular uptake or action through receptor
binding. The adenosine deaminase (ADA) can convert adenosine to inosine, a process that
can happen extra- as well as intracellularly [33]. Adenosine may also be transported into its
target cells via four different adenosine transporters, the so called equilibrative nucleoside
transporter (ENT). The third possibility is the binding of extracellular adenosine to one of four
different adenosine receptors namely A;, Asa, Asg and Az (from here on ADORA1, ADORA2A,
ADORAZ2B and ADORAB3) to induce cellular responses (Figure 3) [33, 41].
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Figure 3: Schematic overview of the purinergic system. ATP is released into the extracellular room upon
stress induction or cell death. ATP can be converted from CD39 via ADP to AMP. AMP is converted to adenosine
by CD73. Adenosine can be further converted through the adenosine deaminase (ADA) to inosine (extra- and
intracellular), it can bind to one of four different adenosine receptors (ADO receptor) or it can be transported into
its target cells via adenosine transporters (ADO transporter, ENT1-4).

All receptors are G-protein coupled receptors and are expressed on various cell types
including immune cells [33]. Within the immune cells neutrophils [21], mast cells [84],
monocytes [172], macrophages [14], dendritic cells [111], T-lymphocytes [57, 94], B-
lymphocytes [43] and natural Killer cells [117] have been shown to express adenosine

receptors. Details are nicely reviewed in a recent publication [15]. ADORA1 and ADORA2A
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are high affinity receptors responding to low concentrations of extracellular adenosine, while
ADORA2B and ADORA3 are low affinity receptors and are mainly addressed if the
extracellular adenosine concentration rises [33, 41]. Adenosine is known to be responsible in
dampening the initial inflammatory response in the lung upon stress or injury. Therefore, it
has a function in the protection of the tissue from massive inflammation [33, 152].

1.4.2 Role of CD73 and adenosine in pneumopathy

CD73 and adenosine are found to be elevated in BALs from patients suffering from
asthma, IPF and COPD [67]. |.t. administration of BLM to C57BL/6 wildtype mice resulted in
enhanced levels of adenosine and CD73 activity [152]. Challenging CD73 knockout (CD73™)
mice with BLM i.t. abrogated adenosine accumulation almost completely and led to
enhanced inflammation as well as fibrosis development. The study revealed a protective role
for adenosine in the BLM i.t. model of lung injury [152]. In addition, a recent study showed
that blocking nucleoside transporters with dipyridamole in BLM-induced lung injury inhibited
the resolution of fibrosis that can normally be observed in the i.t. model. Furthermore,
treatment with dipyridamole worsened the fibrosis in the chronic model (i.p. injection),
indicating that long lasting high adenosine levels impact on fibrosis outcome [82].

Besides the different models of BLM-induced pneumopathy, the role of chronic
enhanced levels of adenosine can also be studied in the model of ADA knockout mice
(ADA™). In the ADA” mouse model adenosine highly accumulates, due to the deficiency of
the adenosine converting enzyme ADA [11, 25]. The affected animals die within three weeks
of age due to respiratory distress [11]. Partially ADA deficient mice also have high levels of
lung adenosine and enhanced levels of alveolar macrophages are found in the BAL at six
weeks of age [25]. Severe pulmonary fibrosis and enhanced levels of myofibroblasts could
be found in these mice at 15 weeks of age. Furthermore, various immune cells like
macrophages, lymphocytes, eosinophils, and neutrophils infiltrated into the lung tissue [24].

Important roles for CD73 and adenosine have been suggested in patients with
chronic inflammatory lung diseases like IPF and COPD and in the murine BLM model of lung
injury. However, at the beginning of this project nothing was known about the impact of
CD73/adenosine on the development of radiation-induced pneumopathy. Database research
did not show any hits for the combination of RILF or radiation fibrosis lung with adenosine.
We speculated, as RILF is also a process of chronic inflammation, that extracellular
adenosine might accumulate in the lung and promotes disease development. There is a high
interest to uncover the underlying mechanisms of radiation-induced lung injury, especially
fibrosis, due to its poor clinical prognosis. Therefore, the investigation of the role of CD73
and adenosine in the model of RILF is of great importance.
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1.4.3 Hyaluronan

HA is another important modulator of lung homeostasis. As part of the ECM it
influences lung elasticity, airway resistance and compliance [158]. HA is also called
hyaluronic acid and composed of polymers from D-glucoronic acid and D-N-
acetylglucosamin linked via alternating B-1,4 and B-1,3 glycosidic bonds. It is a nonsulfated
glycosaminoglycan and can be found in various tissues all over the human body. Unlike
other glycosaminoglycans HA is not synthesized in the golgi, but three HA synthases (Has1-
3) produce HA molecules at the inner surface of the plasma membrane (Figure 4) [140].
While Has1 and Has2 synthesize high molecular weight (HMW) HA molecules, Has3
produces HA chains of low molecular weight (LMW) [58, 155]. Every day approximately one
third of the whole HA content is renewed, although it is known that ROS triggers an
enhanced HA turnover [40, 133]. HA can be degraded to oligosaccharides by the enzymatic
reaction of hyaluronidases (HYAL) [140]. In humans and mice six HYAL genes code for
enzymes with distinct catalytic characteristics. Nevertheless, it is thought that HYAL1 and
HYAL2 are the most abundant and active proteins [27].

2x105 Da
Nucleus

@ Hyal-2
@ CD44
Oc.o & HA200Da ¥r Exoglycosidases
HAmo Da aoun"” @ Hyal-1

5}

"HA800Da @, Hyaluronan

Figure 4: Synthesis and degradation of HA. HA is synthesized by one of three different HA synthases (Has1-3)
in the cell membrane. Has1 and Has2 produce HMW HA, whereas Has3 produces LMW HA molecules.
Degradation of HA is initialized by HYAL2 on the plasma membrane with the help of CD44. HA is fragmented and
internalized. Later on, in lysosomes, HYAL1 and the low pH will degrade HA in small fragments (Stridh 2012
[140]).

Common HA receptors are CD44 and the receptor for HA-mediated motility
(RHAMM). CD44 is expressed on hematopoietic cells, fibroblasts and various tumor cells. It
is a cell surface glycoprotein and is known to be a HA receptor, while binding of HA to CD44
is dependent on the activation state of the receptor [75]. HMW HA as well as LMW HA can
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bind to CD44 [140]. Besides HA, CD44 is able to bind to proteins of the ECM as well as
cytokines and chemokines and growth factors [106, 114]. RHAMM, which is also named
CD168, can be found on the cell surface, in the nucleus and in the cytoplasm of a cell [88].
Surface RHAMM is GPl-anchored and plays an important role in cell motility as well as
wound healing in interaction with CD44 [150].

In the healthy lung tissue HA is found in the basement membrane. Fibroblasts are the
main producers of the ECM molecule HA, but HA is also produced and secreted by smooth
muscle cells [115]. During tissue homeostasis HA exists as a HMW polymer with a size of
more than 10° Dalton [92]. Inflammation causes a depolymerization of HMW HA, for example
through oxygen radicals, leading to the formation of LMW HA fragments with a size around
2x10° Dalton [107, 115]. The functions of the high and low molecular weight form of HA differ
a lot. HMW HA is known to be a hydrating and structural polymer with anti-inflammatory
capacities. LMW HA has pro-inflammatory effects, promotes proliferation, and acts in
combination with specific receptors (CD44, RHAMM, TLRs) [104, 139, 145]. In response to
IR HA polymers are fragmented to LMW HA, which function as an early danger signal, since
they belong to the earlier mentioned DAMPs [133, 149]. DAMPs induce an immune response
that needs to be regulated and controlled. Failure of immune regulation will contribute to a

chronic inflammation and tissue fibrosis [116, 147].

1.4.4 Role of the hyaluronic system in pneumopathy

It is suggested that impaired ECM function can lead to lung fibrosis and potentially
loss of function [158]. It was shown that the levels of HA in BAL samples from IPF patients
are elevated [10] and that HA is accumulating before fibrosis and prior to the influx of
inflammatory cells [92]. BLM-induced lung injury in the rat also confirmed enhanced HA
levels, and especially accumulation of LMW HA fragments, in the lung tissue as well as the
BAL fluid [55]. Furthermore, HA seems to impact on TGFB-driven pro-fibrotic processes like
the transition of primary human lung fibroblasts to myofibroblasts [93].

CD44 is a main contributor to HA clearance after lung injury and can thereby
counteract chronic inflammatory stages and fibrosis development [170]. Furthermore, lung
fibrosis is characterized by the abundance of myofibroblasts that express Has2 and are
invasive. Vice versa the HA receptor CD44 was shown to be important to recruit fibroblasts
and to contribute to the invasive phenotype of myofibroblasts [77]. The expression of the HA
receptor RHAMM is also elevated upon BLM-induced lung tissue injury. RHAMM is essential
in tissue repair processes and the interaction between HA and RHAMM is necessary for
macrophage chemotaxis towards injured lungs [170]. The loss of RHAMM is associated with
decreased levels of TGFB upon injury, thereby preventing a fibroblast into myofibroblast
differentiation [147]. Macrophages seem to be the main cell type executing the observed
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effects of LMW HA in response to lung tissue injury [107, 127]. Macrophages and HA co-
localize in the injured lung tissue upon i.t. BLM treatment in rats. The accumulation of
macrophages in the injured lung was abolished by treatment with a HA-binding peptide
mimicking the binding domain of RHAMM [127].

So far, not much research has been done to define a potential role the HA system in
radiation-induced pneumopathy. In breast cancer patients that underwent RT, enhanced
levels of HA were found in the BAL [9]. In a radiation-induced lung disease model in the rat
also elevated levels of HA were found in the BAL, serum and lung tissue [123]. One murine
based radiation-induced lung injury study with a single dose of 10 Gy reported enhanced
levels of HA only at 12 hours after RT within an observation period up to 12 weeks [59].
Although HA is associated with different fibrotic diseases of the lung, its impact on RILF has

been rarely studied so far.
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2 Aim of the project

Radiation-induced pneumonitis and pulmonary fibrosis are severe and dose-limiting
side effects of thoracic irradiation for cancer treatment and of TBI in conditioning regimens
for hematopoietic stem cell transplantation. To improve treatment outcome there is high
interest in the development of new strategies to either sensitize the tumor tissue to the toxic
effect of IR or to protect the normal tissue from the adverse radiation effects. However, the
signaling molecules associated with infiltration/inflammation and the disease-promoting
capabilities of diverse immune cells are still largely unknown. Therefore the identification of
new biomarkers and therapeutic targets for prediction, prevention or treatment of radiation-
induced pneumonitis and fibrosis are important.

In this context studies with preclinical rodent models and patient data identified a
complex response of the lung tissue after RT with multiple interactions between resident lung
cells and infiltrating immune cells. The role of the different types of immune cells during
pneumopathy is still poorly defined. Previous work from our group using a murine model of
radiation-induced pneumopathy  revealed alterations in leukocyte-associated
cytokines/chemokines as well as in immune cell recruitment (lymphocytes and myeloid cells)
during radiation-induced pneumonitis [17]. Preclinical murine studies as well as patient
studies suggested a contribution of lymphocytes and macrophages in fibrotic pulmonary
diseases, but a potential contribution and underlying mechanism in radiation-induced lung
injury remained unknown. Moreover, studies identified CD73 and/or adenosine as well as HA
as important factors contributing to fibrosis development in other types of lung injury.

Thus, the aim of my project was the detailed characterization of immune cells,
especially macrophages, and the identification of the impact of CD73/adenosine and HA
during radiation-induced lung damage using our murine in vivo model of radiation-induced
pneumopathy. This project is of great importance to understand the disease progression and
for the identification of promising candidates for prevention as well as the development of

treatment options for counteracting disease-promoting immune changes.
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3 Results

3.1 Publication overview

Thorax irradiation triggers a local and systemic accumulation of
immunosuppressive CD4+ FoxP3+ regulatory T cells.

Wirsdorfer F*, Cappuccini F*, Niazman M, de Leve S, Westerndorf AM, Lidemann L,
Stuschke M, Jendrossek V.
Radiation Oncology 2014, 9:98

* Equal contributors

Extracellular adenosine production by ecto-5'-nucleotidase
(CD73) enhances radiation-induced lung fibrosis.

Wirsdérfer F*, de Leve S*, Cappuccini F*, Eldh T, Meyer AV, Gau E, Thompson LF,
Chen NY, Karmouty-Quintana H, Fischer U, Kasper M, Klein D, Ritchey JW, Blackburn
MR, Westendorf AM, Stuschke M, Jendrossek V.

Cancer Res May 15, 2016 76; 3045.

* Equal contributors

Loss of CD73 prevents accumulation of alternatively activated
macrophages and the formation of pre-fibrotic macrophage
clusters in irradiated lungs

de Leve S*, Wirsdérfer F*, Cappuccini F, Schitze A, Meyer AV, Réck K, Thompson LF,
Fischer JW, Jendrossek V

submitted manuscript: FASEB Journal, 10" of November 2016

* Equal contributors
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Radiation-induced pneumonitis and pulmonary fibrosis are dose-limiting side effects
of thoracic irradiation, but its pathogenesis remains poorly understood and no effective
treatment is available. The following publications give new insights for a better understanding
of the pathogenic processes and offer potential treatment approaches to reduce normal
tissue toxicity in the lung. We used the murine model of radiation-induced pneumopathy and
irradiated C57BL/6 wildtype mice with a single high dose of 15 Gy over their whole thorax to
study radiation-induced pneumonitis and fibrosis. Since the infiltration of various immune
cells is a common feature of pneumonitis and fibrosis, we analyzed T cells with a focus on
Treg and macrophages in irradiated versus non-irradiated mice. Furthermore, there were
hints from other types of pulmonary fibrosis that altered signaling pathways, e.g. purinergic
and hyaluronic signaling, contribute to the microenvironmental changes observed during
fibrosis. Therefore, we included CD73” mice in our studies of radiation-induced fibrosis and
analyzed components of the hyaluronic signaling pathway.

Thorax irradiation of C57BL/6 mice altered the composition of T cell populations
locally and systemically (cervical lymph nodes and spleen). Lung irradiation led to increased
levels of Treg and to upregulation of CD103, cytotoxic T-lymphocyte-associated protein4
(CTLA-4) and CD73 on T cells at 3 weeks after IR. These markers are known to promote
recruitment and immunosuppressive activity. At six and twelve weeks post irradiation
(pneumonitic phase) an influx of CD3* T cells was observed. In addition to an increased
CD73 expression on T cells, CD73 expression and activity was also upregulated on other
immune cells and non-leukocytes in the irradiated lung. Elevated levels of Treg were also
found during the fibrotic phase. The upregulation of CD73 was paralleled by progressively
accumulating levels of extracellular adenosine. CD73 deficient mice failed to accumulate
adenosine in BALF and exhibited significantly less RILF. Furthermore, treatment of wild-type
mice with pegylated ADA (PEG-ADA) or a CD73 antibody (TY/23) significantly reduced RILF.
The development of RILF in WT mice was accompanied by the accumulation of
macrophages within organized clusters expressing pro-fibrotic marker proteins such as
TGFB, alpha smooth muscle actin (a-SMA) and ARGH1. Interestingly, in CD73” mice no
organized macrophage clusters and no upregulation of anti-inflammatory markers on
macrophages were observed during the fibrotic phase. Furthermore, CD73" mice showed a
differential expression of the HA synthases and the receptors CD44 and RHAMM.

In sum, the data reveal that immune cells of the innate and adaptive immune system
as well as the purinergic and hyaluronic system impact on radiation-induced pneumonitis and
fibrosis and suggest a cross-talk between the investigated components.
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3.2 Thorax irradiation triggers a local and systemic accumulation

of immunosuppressive CD4+ FoxP3+ regulatory T cells.

Contribution to present publication:

e Contribution to data collection (approx. one of two or three repeated experiments for
the 21, 42 and 84 days time points)
o Isolation of spleen and lung
o Isolation of immune cells from spleen, lymph nodes and lung (tissue digestion,
filtration steps, erythrocyte lysis)
o Staining of isolated immune cells for flow cytometric analysis: surface staining
as well as intracellular staining
e Writing Material and Methods (part: Phenotyping of leukocytes by flow cytometry)

e Proof reading of the manuscript
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Thorax irradiation triggers a local and systemic
accumulation of immunosuppressive CD4+ FoxP3+
requlatory T cells
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Lutz Lildemann”, Martin Stuschke” and Verena Jendrossek'

Abstract

Background: Lymphocyte infiltration is a common feature of radiation-induced pneumonitis and fibrosis, but their
contribution to the pathogenic processes is still unclear. Here, we addressed the impact of thorax irradiation on the
T cell compartment with a focus on immunosuppressive regulatory T cells (Treg).

Methods: C57BL/6 wild type mice (WT) received anesthesia only (sham controls, 0 Gy) or were exposed to a single
dose of whole thorax irradiation (15 Gy). Immune cells from lung tissue, spleen, and cervical lymph nodes were
collected 10 to 84 days post-irradiation and phenotypically characterized by flow cytometry.

Results: Whole thorax irradiation provoked an increased influx of CD3+ T cells at 42 and 84 days post-irradiation. In
contrast, local irradiation caused a sustained reduction in CD3+ T cells in peripheral lymphoid tissues. Interestingly,
we observed a significant local and systemic increase in the fraction of CD4+ T cells expressing the transcription
factor forkhead box P3 (FoxP3), the phenotypic marker for murine Treg, at day 21 post-irradiation. The accumulation
of Treg was associated with increased levels of T cells expressing surface proteins characteristic for recruitment and
immunosuppressive activity, eg. CD103, CTLA-4 and CD73. Importantly, Treg isolated at this time point were able to
suppress CD4+ effector T cells to a similar extent as Treg isolated from control mice.

Conclusions: The response of the adaptive immune system to whole thorax irradiation is characterized by local
immunoactivation and systemic immunosuppression. The transient accumulation of immunosuppressive CD4+
FoxP3+ Treg may be required to protect the lung against excessive inflammation-induced tissue damage. Further
investigations shall define the mechanisms underlying the accumulation of Treg and their role for the pathogenesis
of radiation-induced lung disease.

Keywords: Thorax irradiation, Regulatory T cells, T-lymphocytes, Pneumonitis, Fibrosis
N

Introduction

Radiotherapy is an integral part of current standard
treatment concepts in oncology and provides a broad
contribution to cancer cure alone and
treatment regimens. However, despite the high thera-
peutic potential of radiotherapy alone and in multimodal
combinations with surgery, chemotherapy, or targeted
drug therapy, a low tolerance of the normal tissue to
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radiotherapy can considerably limit the success of radio-
therapy: Acute and late toxicity to normal tissues within
the irradiated volume not only decreases the quality
of life but also precludes the application of a curative
radiation dose to the tumor resulting in local relapse
particularly in tumors with high intrinsic radiation
resistance. Hence, researchers aim to improve the thera-
peutic ratio by technical and physical innovations in treat-
ment delivery, e.g. intensity-modulated radiation therapy
(IMRT) or particle therapy, as well as by developing effect-
ive biology-based strategies to prevent or treat the toxic
effects of ionizing radiation affecting normal tissues with-
out increasing radiation resistance of the tumor cells.

tributed undar the ter of the
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As a clinically relevant example the lung constitutes a
highly radiosensitive tissue with little repair capacity. As
a consequence, radiation-induced pneumonitis and fi-
brosis are observed as severe dose-limiting complica-
tions of total body irradiation (TBI) or radiotherapy of
thorax-associated neoplasms [1-3]. However, so far there
is no available effective pharmacotherapy suited to spe-
cifically prevent or treat radiation-induced lung disease
in the clinical setting so that a symptomatic anti-
inflammatory therapy remains standard of care, though
its use is disputed [4].

Depending on the total radiation dose and the irradi-
ated volume, patients develop a toxic inflammation of
the lung parenchyma (pneumonitis) within 4 to 12 weeks
post-irradiation without or with subsequent lung fi-
brosis. Radiation-induced lung fibrosis is mostly ob-
served 6 to 24 months after radiotherapy and may
become chronic in patients with a large irradiated lung
volume [4]. Interestingly, experimental models using
whole thorax or hemithorax irradiation of fibrosis-
sensitive mice (C57BL/6) mimic human disease with
respect to the time course and major symptoms so
that they can be used to define the underlying mecha-
nisms as well as disease biomarkers [5-8].

Investigations in patient probes and animal models
demonstrate a complex response of the lung tissue with
multiple interactions between resident cells (alveolar epi-
thelial cells I and II, endothelial cells, fibroblasts), stro-
mal factors and infiltrating immune cells [9,10]. It is
assumed that radiation-induced pulmonary fibrosis may
originate from a disturbed balance between tissue in-
flammation and repair as it has been described for other
fibrotic diseases [11]. However, it is still controversial
whether cells from the innate and adaptive immune sys-
tem directly contribute to radiation-induced tissue dam-
age or only modulate disease progression.

In this regard there is evidence from preclinical and
clinical investigations that T cells constitute an import-
ant part of the immune cells infiltrating the lung tissue
upon irradiation of the thoracic region [6,12-15]. Even
more important, the presence of CD4+ T-lymphocytes
in the bronchioalveolar lavage fluid (BALF) of irradi-
ated breast or lung cancer patients correlated with a
pneumonitic reaction [13,15]. A radiation-induced in-
crease in T-lymphocytes in the lung tissue, particularly
CD4+ T-lymphocytes, during the pneumonitic phase was
confirmed in rodent models [7,16,17]. Of note, depletion
of CD4+ T cells during the pneumonitic phase decreased
radiation-induced lung fibrosis pointing to a contribution
of these cells to disease pathogenesis [16]. In contrast,
lung fibrosis upon whole thorax irradiation was aggra-
vated in recombination-activating gene 2 (RAG2)-deficient
mice; these mice lack mature T- and B-lymphocytes sug-
gesting that lymphocytes may also have beneficial effects
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in radiation-induced lung disease [18]. Interestingly, in
further own investigations thorax irradiation triggered
the early appearance of two distinct types of T-helper
cells in C57BL/6 mice, namely interleukin 17 (IL-17)-ex-
pressing CD4+ T cells and CD4+ FoxP3+ T-lymphocytes
in the lung tissue [18]. The above data suggest a causal
link between the recruitment or local expansion of specific
T-lymphocyte populations and the course of radiation-
induced lung disease. In the present investigation we ad-
dressed the potency of ionizing radiation to induce local
and systemic changes in the T cell compartment with a
focus on regulatory T cells (Treg) using a C57BL/6-based
murine model. Treg specifically express the transcription
factor FoxP3 which activates genes that silence many ef-
fector T cell genes and suppress T cell proliferation and
activation in the periphery by secreting inhibitory cyto-
kines such as transforming growth factor betal (TGF-f1)
and IL-10 [19].

Here, we show that radiation-induced pneumonitis is as-
sociated with specific local and systemic time-dependent
changes in the T cell compartment. Importantly, whole
thorax irradiation (WTI) triggered the local and systemic
accumulation of CD4+ FoxP3+ Treg with immunosup-
pressive capacities during the early pneumonitic phase.
These immunosuppressive cells may be necessary to keep
in check effector T cells with tissue destructive activity,
such as Tyl cells or IL-17-expressing T;17 cells. An im-
proved understanding of the underlying mechanisms and
of the role of these regulatory cells during radiation-
induced pneumonitis may open novel routes to prevent or
treat radiation-induced pneumonitis and fibrosis.

Material and methods

Mouse strains

Eight-to-twelve weeks-old C57BL/6 wild-type mice (WT)
were enrolled in the study. All animals were bred and
housed under specific pathogen-free conditions in the
Laboratory Animal Facility of the University Hospital
Essen. Food consisting of a commercial laboratory ani-
mal diet and drinking water were provided ad libitum.
The animal facility and all protocols were approved by the
Universities Animal Protection Boards in conjunction with
the Landesamt fiir Natur, Umwelt und Verbraucherschutz
Nordrhein-Westfalen (LANUV) according to the German
animal welfare regulations (AZ.8.87-51.04.20.09.333).

Experimental setup for whole thorax irradiation (WTI)

For whole thorax irradiation, groups of four mice were
irradiated in parallel. Animals were anesthetized with 2%
isoflurane, placed in holders and irradiated simultan-
eously with a single dose of 0 Gy (sham control) or 15
Gray (Gy) over their whole thorax. The radiation dose
was applied using a Cobalt-60 source (Phillips, Hamburg,
Germany). The irradiation was performed using a field
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size of 23.3 cm x 2 cm at the focus target distance of
58 cm. The field size was additionally reduced to
23.3 cm x 1.5 c¢m field size (full width half maximum)
using two Lipowitz metal absorber blocks (5.3 ¢m
thickness) at focus surface distance of 44 ¢cm. The beam
collimation allowed for the irradiation of an axial
1.5 cm thick slice covering the lungs of 4 mice fixed in
parallel position at a time. The mouse lung position
within the dedicated mice holders were validated once
with a CT scan of the complete positioning setup.

Dosimetry was performed with a type 31016 pin point
“3D chamber” (0.016 cm®), a reference semiflex chamber
type 31003 (0.3 e¢m”) and an electrometer type UNIDOS
(PTW, Freiburg, Germany). Dose was applied with an
accuracy of 3% (+3% for the two mice with 3 em dis-
tance to central beam axis, -3% for the two mice with
9 cm distance to central beam axis). The body dose out-
side the irradiation field was found 1.3% of the pre-
scribed dose. The Co-60 source provided a dose rate of
approximately 0.5 Gy/min at the target.

Collection of bronchoalveolar lavage fluid (BALF)

To obtain BAL fluid (BALF), a horizontal incision was
made in the dissected tracheal tube. A syringe needle
was connected and fixed by two surgical knots and the
lungs were lavaged three times with 0.4 mL PBS. All
fluid collected from one mouse was pooled and 50 pL
were cytospun onto glass slides at 400 rpm/5 min with a
Shandon Cytospin 4 (Thermo Scientific, USA). Slides
were allowed to air dry for several minutes and were
then Giemsa-stained. Stainings were further analysed via
bright-field microscopy.

Isolation of lymphocytes from spleen, cervical lymph
nodes and lungs

Mice were sacrificed at days 10, 21, 42, or 84 post-
irradiation and lung tissue, cervical lymph nodes and
spleen were collected for further analysis as follows:

Isolation from spleen

Spleens were rinsed with an erythrocyte lysis buffer (con-
taining 0.15 M NH4Cl, 10 mM KHCO;, and 05 M
EDTA), meshed through a 70 pum cell strainer, passed
through a 30 pm cell strainer and washed with complete
medium (RPMI medium supplemented with 10% fetal calf
serum, Penicilline and Streptomycine).

Isolation from cervical lymph nodes

Cervical lymph node cells (cLN) were disrupted with
two 23G needles in PBS containing 2 mM EDTA and
2% fetal calf serum or complete medium respectively,
and collected in complete medium for further analysis.
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Isolation from lungs

Lungs were cut into pieces and digested in 1 mg/mL Colla-
genase D and 10 pg/mL DNAse for 45 min at 37°C and the
cell suspension filtered (70 pm cell strainer) and subsequently
centrifuged by 1500 rpm for 6 min. Total lung cells (TLC)
were then rinsed with an erythrocyte lysis buffer (containing
0.15 M NH,Cl, 10 mM KHCO3, and 0.5 M EDTA), passed
through a 30 pum cell strainer and washed with complete
medium for subsequent phenotyping.

Phenotyping of leukocytes by flow cytometry

Lung cells were stained with anti-mouse CD45 Pacific
Blue (30-F11) for determination of leukocytes in the lung
tissue. Splenocytes, cLN cells, and lung cells were further
fluorochrome-labeled with anti-mouse CD3e (145-2C11),
CD4 (RM4-5), CD8 (53-6.7), CD45R/B220 (RA3-6B2),
CD39 (24DMS1), CD73 (TY/11.8) and CD103 (M290).
Detection of FoxP3 and CTLA-4 was performed using the
FoxP3 staining kit from eBioscience (Frankfurt, Germany)
with anti-mouse FoxP3 (FJI(-16 s) and anti-mouse CTLA-
4 (UC10-4B9), according to the manufacturer’s recommen-
dations. All antibodies used in this study, were obtained
from BD Biosciences (Heidelberg, Germany), BioLegend
(Fell, Germany) or eBioscience (Frankfurt, Germany).

RNA isolation, cDNA synthesis and RT-PCR analysis

For RNA isolation ex vivo isolated lung tissues were lysed
in RLT-buffer using an ULTRA-TURRAX® UTC (IKA,
Staufen, Germany). RNA was isolated using RNeasy Mini
kit (Qiagen, Hilden, Germany) according to the manufac-
turer’s instruction. Total RNA (1 pg) was used for reverse
transcription (RT) with Superscript™-II reverse transcript-
ase (Qiagen) using oligo-dT primers according to the
manufacturer’s instructions. 0.5 pL of obtained cDNA was
used for PCR reaction as previously described [20]. Ana-
lysis was carried out using the oligonucleotide primers
FoxP3 sense CTGGCGAAGGGCTCGGTAGTCCT, Fox-
P3_antisense CTCCCAGAGCCCATGGCAGAAGT; PActin_
sense GGCTGTATTCCCCTCCATCG; PActin_antisense
CCAGTTGGTAACAATGCCATGT.

Suppression assay

CD4+ CD25hi Treg were separated from cLNs and spleen
of mice that received 0 Gy or 15 Gy whole thorax irradi-
ation using a FACSAria 11 cell sorter (BD Biosciences). As
responder T cells, CD4+ T cells were purified from spleens
of naive WT mice using the CD4+ T cell isolation kit II
(Miltenyi Biotec, Bergisch-Gladbach, Germany) and were
labeled with Carboxyfluorescein succinimidyl ester (CFSE)
(Invitrogen). CD4+ responder T cells (1 x 10°) were either
cultured alone or co-cultured with CD4+ CD25hi Treg (1 x
10°) for 4 days in the presence of 1 pg/mL anti-CD3 (2C11;
BD Biosciences). Irradiated splenocytes from naive C57BL/
6 mice served as antigen-presenting cells (APCs) (3 x 10°).
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Statistical analysis

If not otherwise indicated, data were obtained from 2 —
3 independent experiments with at least 3 mice each.
Mean values were calculated and used for analysis of
standard deviation (SD) or standard error (SEM) and
statistical significance. Differences were assessed by 2-
way ANOVA followed by Bonferroni’s multiple compari-
son test. Data analysis was performed with Prism 5.0
software (GraphPad, La Jolla, CA). Statistical significance
was set at the level of p < 0.05.

Results

WTI induces time-dependent changes in the immune cell
composition of the lung tissue

In a first set of experiments we compared radiation-
induced local changes in immune cell composition
within the lung tissue during the pneumonitic phase. To
this end, we exposed C57BL/6 wild type mice to a single
dose of WTI with 0 Gy or 15 Gy. Using flow cytometry
we subsequently analyzed phenotypic markers of leuko-
cytes isolated from the lung tissue 10 to 84 days post-
irradiation. While the fraction of total leukocytes (CD45+
cells; gating strategy: Figure 1A) in the lung tissue was
comparable to sham controls until 21 days after WTI with
15 Gy, a significant increase of CD45+ cells in the lung
tissue was observed at 42 and 84 days post-irradiation
(Figure 1B). The fraction of B-lymphocytes (B220+ cells)
in the irradiated lung tissue also remained relatively
constant during the early pneumonitic phase, but a signifi-
cant increase in B220+ cells was detected at 84 days
post-irradiation (Figure 1C). Finally, we also observed a
pronounced increase in CD3+ T cells at 42 and 84 days
post-irradiation compared to sham controls. Interestingly,
the increase in CD3+ T cells was paralleled by a comparable
increase in the amount of CD4+ T cells, whereas the levels
of CD8+ T cells in the lungs of irradiated mice and the
sham controls did not differ significantly (Figure 1D-F).
Analysis of cells present in the bronchioalveolar lavage
fluid (BALF) of irradiated mice and sham controls
corroborated the above findings of increased immune
cell infiltration into the irradiated lungs at 21 days
post-irradiation (Figure 1G).

WTI triggers distinct time-dependent changes in the T cell
compartment of peripheral lymphoid organs

Next we examined the potential of WTI to induce systemic
changes in the T cell compartment. To this end, we iso-
lated lymphocytes from spleen and cervical lymph nodes
(cLN) and analyzed the fraction of CD3+ T-lymphocytes,
CD4+ T-lymphocytes and CD8+ T-lymphocytes using flow
cytometry. As shown in Figure 2A and B, WTI led to a sig-
nificant reduction of CD3+ T cells particularly the cervical
lymph nodes (cLN) and less pronounced in the spleen of
irradiated mice as compared to sham controls. The early
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drop in CD3+ T cells at days 10 and 21 post-irradiation
involved reduction of both CD4+ and CD8+ T cells
(Figure 2C-F). However, while the loss of CD4+ T cells
was only transient and normal levels were reconstituted
within 42 days post-irradiation, the suppressive effect of
irradiation on CD8+ T cells was long-lasting and a sig-
nificant reduction in the fraction of CD8+ T cells was
still observed at 42 days post-irradiation, particularly in
the cervical lymph nodes (Figure 2C-T).

Thorax irradiation triggers a local and systemic
accumulation of CD4+ FoxP3+ T regulatory cells

Since our earlier investigations suggested the generation
of Treg in the lungs of mice exposed to hemithorax ir-
radiation [18], we next examined time-dependent local
and systemic changes in the amount of Treg in the lung
tissue and peripheral lymphoid organs of mice exposed
to WTI with 15 Gy. FoxP3 is considered as a reliable
phenotypic marker of Treg, at least in mice [21-23].
Therefore, we examined the fraction of CD4+ FoxP3+
T cells in lung tissue, cervical lymph nodes and spleen
until 84 days post-irradiation (gating strategy Figure 3A).
Interestingly, we observed a significant increase in the
levels of CD4+ FoxP3+ T cells in the lungs of mice ex-
posed to WTI compared to sham irradiated mice at
21 days post-irradiation. However this increase was only
transient and levels of CD4+ FoxP3+ T cells in the lung
tissue reached values of sham controls within 42 days
post-irradiation (Figure 3B). The accumulation of CD4+
FoxP3+ T cells at 21 days post-irradiation could be con-
firmed by RT-PCR mRNA analysis of FoxP3 expression
levels in total lung RNA isolated from control and whole
thorax irradiated animals (Figure 3C). Interestingly, a sig-
nificant accumulation of CD4+ FoxP3+ T cells at day 21
post-irradiation was also observed in the analysis of
lymphocytes from cervical lymph nodes and spleen of
irradiated mice. Similarly to what was observed in lung
tissues this effect was only transient, though a trend to
higher levels of CD4+ FoxP3+ T cells in the peripheral
lymphoid organs could be already observed at 10 days
post-irradiation (Figure 3D-E).

Treg isolated from irradiated mice have normal
immunosuppressive function

Our data indicated that WTT leads to a local and systemic
accumulation of CD4+ FoxP3+ T cells in the CD4+ T
cell compartment during the early pneumonitic phase
at 21 days post-irradiation. Next we aimed to explore
whether CD4+ FoxP3 + cells that accumulate in the lung
tissue at 21 days post-irradiation also express specific
surface molecules associated with immunosuppressive
activity of Treg, such as the adenosinergic ectoenzymes
CD39 and CD73 [24,25]. Therefore, we performed a de-
tailed analysis of the fraction of CD4+ T cells expressing
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Figure 1 Whole thorax irradiation (WTI) induces time-dependent local changes in the T cell compartment of the lung tissue. C578L/6
mice received 0 Gy or 15 Gy whole thorax irradiation. At specified time points cells were isolated from lung tissue and stained with antibodies
against distinct leukocyte populations as indicated. (A) Gating strategy for lung cells: Living total lung cells were gated and further characterized
by gating on CD45+ cells (leukocytes). All subpopulations were then gated on the CD45+ population. At different time points, cells were isolated
from lung tissue, stained with antibodies against (B) total leukocytes (CD45+), (€) B-lymphocytes (B220+), (D) T-lymphocytes (CD3+), (E) CD4+
T-helper cells (CD4+) and (F) CD8+ T cells (CD8+) and analyzed by flow cytometry. Timelines of the indicated cell populations are shown with
mean values + SEM of percentages calculated on total lung cells (TLC). Cells of 6-9 mice per group were analyzed, ** p < 0.01; ** p < 0007, two-way
ANOVA followed by post-hoc Bonferroni test. (G) BALF (bronchoalveolar lavage fluid) was collected at 21 days post-irradiation from lungs of C57BL/6
mice irradiated with 15 Gy (right panel) and sham controls (left panel). Cytospin of BALF probes were stained with Giemsa and analyzed via
bright-field microscopy: left panel: BALF from a sham control; right panel BALF from a lung irradiated with 15 Gy (40 x magnification). Pictures
show one representative slide.

L%
B ed0x

CD39 and CD73 in the lungs of mice exposed to WTIl and CTLA-4 (Figures 4C and 5A) and CD103, respectively
of sham controls. While levels of CD39+ CD4+ cells (Figures 4D and 5B), indicative for increased recruitment
remained mostly unaffected (Figure 4A) we observed an  and activation of these cells into the lung tissue [21,26].

increase in CD73+ CD4+ T cells in the lungs of mice ex- Finally we explored whether Treg from irradiated mice
posed to WTI as compared to sham controls (Figure 4B).  are functional and exert suppressive activity. For this we
The time course of the increased surface expression of used CD4+ CD25hi cells since sorting of viable Treg via
CD73 on CD4+ T cells followed the time course observed  the intracellular marker FoxP3 (fixation step) is impos-
for the accumulation of CD4+ FoxP3+ T cells in the irradi-  sible. Indeed, when comparing the phenotype and inhibi-
ated mice with a maximum at 21 days post-irradiation.  tory capacity of CD4+ CD25hi cells isolated by FACS
Moreover, we noted a transient increase in CD4+ T cells  sorting from peripheral lymphoid organs of mice ex-
and CD4+ FoxP3+ Treg expressing the marker proteins posed to WTI and sham controls at 21 days post-

27
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Figure 2 WTI triggers distinct time-dependent changes in the T cell compartment of peripheral lymphoid organs. C57BL/6 mice received
0 Gy or 15 Gy whole thorax irradiation. At different time points, cells were isclated from cenvical lymph nodes (cLN) and spleen (TSC) and stained with
antibodies against (A/B) CD3+ T cells (cLN and spleen), (C/D) CD4+ T-helper cells (cLN and spleen), (E/F) CD8+ T cells (cLN and spleen) as indicated.
Cells were analyzed by flow cytometry and timelines of the indicated cell populations are shown with mean values + SEM of percentages calculated
on lymph node cells (LNC) or total spleen cells (TSCQ). Cells of 6-9 mice per group were analyzed, * p < 0.05; ** p <001; ** p <0001, two-way ANCOYA
followed by post-hoc Bonferroni test.

irradiation, more than 90% of CD4+ CD25hi sorted cells  following findings: i) WTI triggered a transient increase
expressed FoxP3 and could thus be considered as func-  in the CD4+ FoxP3+ cell fraction in the lungs and the
tional Treg (Figure 5C). Importantly, CD4+ CD25hi Treg  peripheral lymphoid organs of mice compared to sham
isolated from cervical lymph nodes (Figure 5D left panel)  controls with a maximum at 21 days post-irradiation; ii)
or spleen (Figure 5D right panel) of mice exposed to at the time of increased FoxP3-expression the levels of
WTTI (black bars) were able to suppress proliferation of CD73, CD103 and of CTLA4 on CD4+ T cells were also
untreated CD4+ T responder cells with similar potency increased; iii) FoxP3+ expressing CD4+ CD25hi cells iso-
as CD4+ CD25hi Treg from sham controls (white bars). lated from irradiated mice displayed enhanced expres-
These results indicate that WTI triggers accumulation of  sion of the marker proteins CTLA-4 and CD103 and
Treg and that irradiation in vive does not affect their im-  exhibited unrestrained immunosuppressive activity.

munosuppressive capacity. In more detail, local irradiation of the thoracic region
caused a sustained systemic suppression of CD3+ T cells
Discussion in peripheral lymphoid organs that was characterized by

Exposure of the thoracic region to ionizing radiation a transient decrease in CD4+ T cells and a long-lasting
triggers time-dependent leukocyte infiltration into the  reduction of CD8+ T cell numbers. These observations
lung, including lymphocytes. We show here that irradi-  suggest a more pronounced sensitivity of CD8+ T cells
ation of the thoracic region exerts dual effects on the to the cytotoxic action of IR in vivo compared to CD4+
adaptive immune system: While WTI caused a sustained T cells. Pronounced cytotoxic effects of local irradiation
reduction in CD3+ T cells in peripheral lymphoid tissues  on the circulating lymphocyte pool had already been ob-
it provoked an increased recruitment of CD4+ T cells to  served by others and had been attributed to blood flow
the lung tissue at 6 and 12 weeks post-irradiation. Im-  through the radiation field [27]. In contrast, after an ini-
portantly, we demonstrate that radiation-induced local tial slight decrease of lymphocyte numbers in the lung
immunoactivation was associated with local and sys- tissue we observed increased levels of CD3+ T cells in
temic accumulation of cells with the phenotype of im-  the lung tissue at 42 and 84 days post-irradiation, pre-
munosuppressive Treg. This assumption is based on the  sumably caused by an increased influx of CD4+ T cells.

28
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Figure 3 WTI triggers a local and systemic accumulation of FoxP3+ T regulatory cells. C578L/6 mice received 0 Gy or 15 Gy whole thorax
irradiation. At indicated time points, immune cells were isolated from lung tissue, spleen and cervical lymph nodes (cLN) and stained for flow cytometric
analysis. (A) Gating strategy for the detection of FoxP3 on CD4+ T cells. (B) Treg (CD4+ FoxP3+) cells change in the lung during pneumopathy. Mean
values + SEM of the expression of FoxP3 are shown as percentages from CD4+ lung cells. (C) RT-PCR mRNA analysis of FoxP3 expression levels of total
lung RNA isolates derived from control as well as whole thorax irradiated animals 21 days after irradiation. BActin was included as control. Two images
per condition are shown. (D/E) Timelines of FoxP3 on gated CD4+ T cells in the cLN (D) and spleen (E) during pneumopathy. Shown are mean values +
SEM of percentages calculated on CD4+ LNC and TSC. Cells of 6-9 mice/group were analyzed; ** p < 001, *** p £ 0.001, two-way ANOVA followed by
post-hoc Bonferroni test.

Thus, lymphocyte influx correlated to the time of
radiation-induced pneumonitis defined by maximum im-
pairment of lung function in our earlier investigations
[6,28]. Our present data corroborate earlier findings
from rodent models of thorax irradiation showing that
lymphocyte numbers increase after an initial early deple-
tion by 3 to 6 weeks post-irradiation [7,17].

It is known from preclinical and clinical investigations
that CD4+ and CD8+ T-lymphocytes constitute a signifi-
cant part of the immune cell infiltrate in the lung tissue
of irradiated breast and lung cancer patients with a pre-
dominance of the CD4+ subset [12-16]. Of note, the in-
crease in numbers of activated CD4+ T-lymphocytes in
the BALF is more pronounced in symptomatic patients
than in asymptomatic patients [13,15]. Vice-versa, in-
creased apoptosis of peripheral blood lymphocytes, par-
ticularly CD8+ T cells, after curative radiation therapy is
associated with reduced late toxicity [29]. In line with these
findings, depletion of CD4+ T cells during pneumonitis

decreased radiation-induced lung fibrosis in preclinical
investigations in rats [16]. These findings indicate that
infiltration of CD4+ T cells is a common feature of
radiation-induced pneumonitis and that these cells may
play a role for disease progression. Thus, CD4+ T cells
may be promising targets for the modulation of
radiation-induced late effects in the lung. However, so
far little was known about the phenotype and function
of CD4+ T-lymphocytes recruited to the lung tissue in
response to thoracic irradiation. This is of particular
interest because these cells depending on the microenvir-
onment can differentiate into diverse subsets with oppos-
ing pro-inflammatory or immunosuppressive function,
eg. Tyl, Ty2 or T17 cells and Treg, respectively.

Here we demonstrate for the first time that WTI leads
to a selective accumulation of CD4+ FoxP3+ T cells both
in lungs and peripheral lymphoid organs of mice at 21 days
post-irradiation. These findings corroborate our recent
observation about the appearance of CD4+ FoxP3+

29
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Figure 4 WTl-induced changes in the T cell phenotype are associated with altered surface expression of immunoregulatory molecules
on CD4+ T cells. C57BL/6 mice received 0 Gy or 15 Gy whole thorax irradiation. At different time points, immune cells were isolated from lung
tissue and stained for flow cytometric analysis. (A) Expression of CD39 on gated CD4+ T cells in the lung. (B) Expression of CD73 on gated CD4+
T cells in the lung. (C) Detection of CTLA-4 expression on gated CD4+ T cells in the lung. (D) Expression of CD103 on gated CD4+ T cells in the
lung. Timelines of the indicated cell populations are shown as mean values = SEM of percentages calculated on total lung cells. Cells of 4-6 mice
per group were analyzed, * p £ 0.05; *** p < 0001, two-way ANOVA followed by post-hoc Bonferroni test.

T-lymphocytes in the lung tissue of mice exposed to
hemithorax irradiation [18]. However, it had not yet been
shown that local irradiation of the thoracic region also
triggers a time-dependent accumulation of CD4+ FoxP3+
T-lymphocytes in cervical lymph nodes and in the spleen.
The observation that local thorax irradiation also affects
the T cell compartment in peripheral lymphoid organs
supports earlier findings about systemic effects of a local
irradiation: In this regard, irradiation of prostate tumors
grown on the hint-leg of C57BL/6 mice resulted in the ac-
cumulation of CD4+ CD25hi FoxP3+ lymphocytes in per-
ipheral lymphoid organs [30]. Moreover, others and we
have shown that lymphocyte infiltration after thorax ir-
radiation is not exclusively confined to the radiation field
but can also be observed in non-irradiated parts of the
lung further corroborating a systemic response of the im-
mune system to local irradiation [6,12,13,31].

Since thorax irradiation led to a decrease in CD3+ T
cells by tendency at 21 days post-irradiation, it may be
speculated that the radiation-induced accumulation of
Treg during the pneumonitic phase may at least partially
be due to increased survival of Treg compared to T ef-
fector lymphocytes. Such enhanced resistance of CD4+
FoxP3+ cells and of CD4+ CD25hi FoxP3+ cells to

30

ionizing radiation compared to other T-lymphocytes has
recently been reported in vitro and in vive in different
experimental models [30,32-36] and had been attributed
among others to enhanced expression of anti-apoptotic
Bcl-2 and therefore increased resistance to apoptosis
[32,33]. However, T-lymphocytes are generally character-
ized by a high intrinsic sensitivity to ionizing radiation
so that only a minor population will survive WTI with
15 Gy. Certainly, thorax irradiation is known to pro-
voke an increase in the levels of TGF-B1 [37], a cyto-
kine involved in the differentiation of Treg [38-40].
Thus, radiation-induced changes in the lung micro-
environment may alternatively trigger a local expansion
of CD4+ FoxP3+ T-lymphocytes recruited to the lung
tissue.

Of note, our data also demonstrate that Treg isolated
from the lymphoid tissues of irradiated mice are fully
functionally active: The CD4+ FoxP3 T cell fraction dis-
played up-regulated expression of surface molecules asso-
ciated with recruitment and immunosuppressive function,
namely CD103 and CTLA-4 [26,41,42]. In this scenario,
up-regulation of CD103 on both, CD4+ T cells and CD4+
FoxP3+ suggests that Treg originate from CD4+ T cells
newly recruited to the lung tissue whereas up-regulation
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Figure 5 Treg isolated from irradiated mice have normal immunosuppressive function. C578L/6 mice received 0 Gy or 15 Gy whole thorax
irradiation. At different time points, immune cells were isolated from lung tissue and stained for flow cytometric analysis. (A) Detection of CTLA-4
on CD4+ FoxP3+ Treg in the lung. (B) Expression of CD103 on CD4+ FoxP3+ Treg in the lung. Timelines are shown as mean values + SEM of
percentages calculated on total lung cells. Cells of 4-6 mice per group were analyzed (¥ p < 0.05; ** p <0.01; two-way ANOVA followed by
post-hoc Bonferroni test). (C) Gating strategy for FACS-sorting of Treg from cervical lymph nodes and spleen. CD4+ CD25hi cells are 92% FoxP3+.
Shown are dotplots from cne representative experiment. (D) To determine the suppressive capability of regulatory T cells in vitro CD4+ CD25hi

T cells (Treg) from cervical lymph nodes and spleens of 0 Gy or 15 Gy whole thorax irradiated mice were isolated at 21 days post-irradiation by
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of the adenosinergic ectoenzyme CD73 hints to immuno-
suppressive activity of the CD4+ FoxP3+ Treg via extracel-
lular generation of adenosine from adenine nucleotides
[24,25,43]. Our observation may provide an explanation
for the suggested role of adenosine as an important medi-
ator of tissue protection from radiation-induced injury
[44,45]. Finally, the CD4+ FoxP3+ T cells isolated from
irradiated mice exhibited a pronounced suppression of
T effector cell proliferation that was comparable to the
suppression exhibited by Treg isolated from cervical
lymph nodes and spleen of sham controls.

Up to now only sparse data are available about the
radiation-induced accumulation of Treg and contradictory
data have been published regarding their function in the
regulation of local and systemic responses to ionizing radi-
ation. Consistent with our findings, numbers of lympho-
cyte subsets in peripheral blood, lymph nodes, spleens
and thymuses of C57BL/6 mice decreased 2 weeks after

31

exposure to TBI with 5 Gy, whereas the fractions of
CD4+ CD25hi and CD4+ CD25hi FoxP3+ T cells in the
CD4+ T cell compartment increased [32]. Though CD4+
CD25hi Treg turned out to be functional, the authors
claimed a reduced immunosuppressive activity compared
to Treg isolated from non-irradiated mice. Similarly, the
fraction of CD4+ FoxP3+ T cells within the proliferating
CD4+ T cell pool increased in response to TBI with 2 Gy
but these cells displayed a reduced capacity to suppress
T effector cell proliferation [33]. In line with these
in vive observations, human Treg isolated from the
peripheral blood of healthy donors displayed a dose-
dependent reduction in proliferation and immunosup-
pressive capacity upon iz vitro irradiation compared to
non-irradiated controls [46]. In contrast, though local ir-
radiation of the legs of C57BL/6 mice bearing subcutane-
ous tumors also led to a rapid and transient increase of
CD4+ FoxP3+ and CD4+ CD25hi FoxP3+ T cells in the
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lung and peripheral lymphoid organs, functional activity
of these CD4+ FoxP3+ cells exposed to ionizing radiation
in vivo was not affected in this experimental setting which
is consistent with our present findings [30]. Altogether,
these data indicate that transient local and systemic accu-
mulation of CD4+ FoxP3+ Treg seems to constitute a
common immune response to irradiation in vivo, though
the kinetics and the functional state may depend on the
radiation dose and the target tissue, respectively.

In general, Treg induced in the periphery may be con-
sidered as readout for the initiation of cytotoxic effector
T cell responses known to play a key role in the main-
tenance of immune homeostasis and the suppression of
pro-inflammatory reactions [19,47]. We therefore specu-
late that accumulation of Treg upon local irradiation con-
tributes to the control of radiation-induced pneumonitis.
Functional Treg may be required to keep in check effector
cells of the innate and adaptive immune system, e.g. Ty1,
Ty17 cells, thereby limiting inflammation-associated tissue
damage and balancing tissue homeostasis [18,48-50].

However, when considering to target Treg for modulating
the outcome of radiation-induced normal tissue toxicity it
has to be taken into account that CD4+ FoxP3+ Treg may
have a distinct contribution for shaping the immune re-
sponse during the pneumonitic phase, which has many
characteristics of acute inflammation, and the fibrotic
phase characterized by chronic inflammation and tissue
repair with excessive deposition of extracellular matrix
and remodeling of the lung architecture, respectively
[51]. In this regard, Treg dampened lung inflammation
in a model of silica-induced lung disease, whereas depletion
of this cell population attenuated lung fibrosis through
maintenance of a Tyl-dominated pro-inflammatory state
[52]. We assume that the action of Treg in the context of
radiation-induced lung disease may be similarly complex
and requires further definition.

Conclusion

Whole thorax irradiation exerts a dual effect on the
adaptive immune system characterised by local immu-
noactivation and systemic immunosuppression. More-
over, local irradiation of the thoracic region led to a
local and systemic expansion of immunosuppressive
CD4+ FoxP3+ cells during the early pneumonitic phase.
We speculate that these cells are needed to restrain the
local cytotoxic effector T cell response induced in the
lung in response to ionizing radiation thereby limiting
excessive inflammation-associated lung damage and re-
establishing tissue homeostasis. Further investigations
shall identify the origin of these cells and the mecha-
nisms governing their local and systemic accumulation.
Moreover, the identification of the role of Treg during
radiation-induced pneumonitis and fibrosis is required if
we aim to exploit radiation-induced immune changes
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for developing effective strategies to prevent or treat
radiation-induced adverse effects in the lung.
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Abstract

Radiation-induced pulmonary fibrosis is a severe side effect
of thoracic irradiation, but its pathogenesis remains poorly
understood and no effective treatment is available. In this
study, we investigated the role of the extracellular adenosine
as generated by the ecto-5'-nucleotidase CD73 in fibrosis
development after thoracic irradiation. Exposure of wild-type
C57BL/6 mice to a single dose (15 Gray) of whole thorax
irradiation triggered a progressive increase in CD73 activity in
the lung between 3 and 30 weeks postirradiation. In parallel,
adenosine levels in bronchoalveolar lavage fluid (BALF) were
increased by approximately 3-fold. Histologic evidence of lung

Introduction

Radiotherapy is an integral part of standard treatment for
thorax-associated neoplasms. Unfortunately, adverse late effects
in the highly radiosensitive lung limit the radiation dose, resulting
in suboptimal local control, metastases, and decreased quality of
life (1, 2). Lung toxicity also limits the dose of total body
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fibrosis was observed by 25 weeks after irradiation. Conversely,
CD73-deficient mice failed to accumulate adenosine in BALF
and exhibited significantly less radiation-induced lung fibrosis
(P < 0.010). Furthermore, treatment of wild-type mice with
pegylated adenosine deaminase or CD73 antibodies also sig-
nificantly reduced radiation-induced lung fibrosis. Taken
together, our findings demonstrate that CD73 potentiates radi-
ation-induced lung fibrosis, suggesting that existing pharma-
cologic strategies for modulating adenosine may be effective in
limiting lung toxicities associated with the treatment of thoracic
malignancies. Cancer Res; 76(10); 1-12. ©2016 AACR.

irradiation in conditioning regimens for hematopoietic stem cell
transplantation (3). Acute damage to resident cells induced by
thorax irradiation triggers complex reciprocal interactions
between damaged resident lung cells, recruited immune cells,
extracellular matrix molecules, secreted cytokines/chemokines,
growth factors, and proteases, resulting in a disturbed balance
between inflammatory and repair processes, tissue disorganiza-
tion, pathologic remodeling, and lung fibrosis (2, 4, 5). As a
consequence, pneumonitis and pulmonary fibrosis develop with-
in 12 weeks and 6 to 24 months after radiotherapy, respectively, in
patients and mice with symptoms including nonproductive
cough, dyspnea, and respiratory insufficiency and a lethality rate
up to 10% (1-3, 6). As no available therapies completely prevent
or treat these potentially life-threatening adverse late effects, there
is a great need for a better understanding of the underlying
mechanisms (7, 8).

Ecto-5'-nucleotidase (NT5E, CD73) and adenosine play critical
roles in balancing tissue inflammation and repair processes in
pulmonary fibrosis, regulating leukocyte extravasation and func-
tion, and modulating epithelial cell behavior, vascular function,
and cell death (9-16). Herein, CD73 is found on the surface of
various cell types in the lung. It acts in concert with ectonucleo-
side triphosphate diphosphohydrolase 1 (ENTPD1, CD39) to
generate adenosine from extracellularly released ATP/ADP.
Extracellular adenosine levels are usually low due to rapid
cellular uptake by nucleoside transporters and catabolic con-
version by adenosine deaminase (ADA) or adenosine kinase to
inosine or AMP, respectively. However, they can rapidly
increase in response to stress or tissue injury through either
direct release from damaged cells or ATP/ADP catabolism by
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CD39 and CD73 (9, 10). Extracellular adenosine acts through
four different G protein-coupled adenosine receptors
(ADORA1, ADORA2A, ADORA2B, ADORA3) that are widely
expressed and have various biologic functions aimed at main-
taining or restoring tissue homeostasis (9, 10, 17). Though
CD73 and adenosine are crucial for the regulation of lung
homeostasis, their role during radiation-induced pneumopathy
is unknown. As earlier reports showed both tissue-protective
and profibrotic effects of CD73 and adenosine in pulmonary
fibrosis (18-20), we asked whether they would be protective or
harmful in radiation-induced lung disease and evaluated their
potential as therapeutic targets.

Materials and Methods
Mice

C57BL/6 wild-type (WT; Charles River Laboratories) and
CD73 /" (Nt5e /") mice on the C57BL/6 background (12) were
bred and housed under specific pathogen-free conditions in
Laboratory Animal Facilities of the University Hospitals Ttibingen
and Essen. Experimental protocols were approved by the appro-
priate animal protection boards.

In vivo treatment

Eight- to twelve-week-old mice were anesthetized with 2%
isoflurane, placed in holders, and irradiated either with a single
dose of 0 (sham control) or 15 Gray (Gy) over their right hemi-
thorax, using a linear accelerator (4.7 Gy/minute), or over their
whole thorax (WTT1) using a Cobalt-60 source (Philips; 0.5 Gy/
minute) as described previously (21, 22).

Some WT mice were exposed to WTI and subsequently
treated twice weekly from week 16 to week 25 or 26 postirra-
diation by intraperitoneal injection with 100 uL PBS (solvent),
5 units of pegylated ADA (PEG-ADA) to catabolize adenosine
(23), or 100 ug of anti-CD73 mAb TY/23 to inhibit CD73
function (24).

Mice were sacrificed at 3, 6, 12, 16, 20, 24, or 25 to 30 weeks
postirradiation and blood serum, lung tissue, and/or bronchoal-
veolar lavage fluid (BALF) were collected.

CD73 enzyme assay

CD73 ecto-5'-nucleotidase enzyme activity was evaluated in
frozen lung tissue by measuring the proportion of ["*CJIMP
converted to ['*Clinosine that could be inhibited by the
specific CD73 inhibitor adenosine 5'-(o, B-methylene)diphos-
phate (APCP, Sigma-Aldrich) as described previously (12, 25).
CD73 activity was expressed as pmol IMP hydrolyzed/h/mg
protein.

Determination of albumin in BALF

Albumin levels in BALF were determined using the Albumin
ELISA Quantification Kit Mouse (Bethyl Laboratories) according
to the manufacturer's instructions (26).

Quantification of apoptosis in BALF
Active caspase-3 in BALF was detected using Caspase-Glo 3/7
Kit (Promega) as described previously (26).

Nucleotide and nucleoside quantification

AMP and adenosine were measured in BALF by reverse-phase
high-performance liquid chromatography as described previously

Cancer Res; 76(10) May 15, 2016

(27). For this, lungs were lavaged 4 x with 0.3 mL of PBS with 10
wmol/L dipyridamole, 10 pmol/L. APCP, and 10 pmol/L ADA
inhibitor 2’-deoxycoformycin (Sigma-Aldrich) to prevent aden-
osine degradation.

Histopathology

Paraffin-embedded tissue. Lungs were isolated from euthanized
mice after intratracheal perfusion with 4% paraformaldehyde in
PBS (pH 7.2) and fixed overnight in the same solution. Upon
dehydration, lungs were embedded in paraffin and sectioned into
5-um slices.

Frozen tissue. Lungs of euthanized mice were inflated with a 1:1
mixture of Tissue-Tek O.CT. Compound (Sakura Finetek) and
PBS, isolated and placed in optimal cutting temperature embed-
ding medium, precooled on dry ice, and stored at —80°C. Frozen
tissue was cut into 7-um cryosections.

Caspase-3 (CASP3). Immunohistochemical staining of paraffin-
embedded lung tissue was performed as described before (26)
using an active caspase-3 antibody (New England Biolabs), anti-
rabbit IgG, Streptavidin AP Complex ready to use, and Fast Red
Staining (Roche).

Osteopontin (SPP1, OPN), collagen type 1 (COLIA1). Tissue
slides were deparaffinized, rehydrated and steam boiled in citrate
buffer pH 6. After blocking endogenous peroxidase with 3% H
0,, sections were blocked for 20 minutes with 2% FCS (osteo-
pontin) or 2% normal goat serum (collagen), and subsequently
incubated with anti-osteopontin (R&D Systems) or anti-
collagen type 1 antibodies (Rockland Immunochemicals Inc.)
overnight at 4°C. Primary antibodies were detected by secondary
antibodies linked to horseradish peroxidase and subsequent DAB
staining.

TGFB (TGFB1), a-SMA (ACTA2). Immunohistochemical stain-
ing of paraffin-embedded lung tissue slides was performed using
the Mouse on Mouse (M.O.M.) ImmPRESS HRP (peroxidase)
Polymer Kit (Vector Laboratories) according to the manufacturer's
instructions. Anti-TGFP (R&D Systems) and anti-smooth muscle
actin (0-SMA; Merck Millipore) were used as mouse primary
antibodies. ImmPACT VIP Peroxidase (HRP) Substrate Kit (Vector
Laboratories) was used to detect TGFp and ¢-SMA according to
the manufacturer's instructions. Stained sections were counter-
stained with hematoxylin.

Fibrosis. Lung sections were stained with hematoxylin and eosin
(H&E) or Masson Goldner Trichrome (MT; Carl Roth Karlsruhe),
and scored by three individuals blinded to the genotype and
treatment group. Ten random, nonoverlapping fields (magnifi-
cation, x200) of lung parenchyma from each specimen were
photographed and lung fibrosis was scored using a 0 to 8 point
Ashcroft scale (28). The mean scores for each observer were
averaged to yield the final score for each specimen.

CD73 histochemistry. CD73 ecto-5'-nucleotidase enzyme activity
was visualized on tissue sections by histochemistry as described
previously (29). For a negative control, 5'-AMP was replaced by
nonhydrolyzable 3'-AMP. In other experiments, the CD73 inhib-
itor APCP (Sigma-Aldrich) was added.

Cancer Research
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qPCR

RNA was isolated using RNeasy Mini Kit (74106, Qiagen)
according to the manufacturer's instructions. Expression levels
were normalized to the reference gene (B-actin; setas 1). qPCRwas
carried out using specific oligonucleotide primers [B-Actin (Actb):
fw, CCAGAGCAAGAGAGGTATCC; rev, CTGTGGTGGTGAAGC-
TGTAG,; Fibronectin (Fnl): fw, GAAACCTGCITCAGTGTGTCTG;
rev, TTGAATTGCCACCATAACTCIG; osteopontin (Sppl): fw,
ATCTCCITGCGCCACAGAAT; rev, CIGCCCITICCGITGTT-
GTC; TGFB—1 (Tgfbl): fw, ACCTGGGTTGGAAGTGGAT; rev,
GAAGCGCCCGGGTTGTGTTGGTT| using qPCR MasterMix for
SYBR Assay ROX (SN2X-03T, Eurogentec) according to the man-
ufacturer's instructions.

Lung leukocyte phenotyping

Lung cells were isolated as described previously (22) and
stained with anti-CD45 PacificBlue (30-F11), anti-CD11c APC
(N418), anti-CD4 APC (RM4-5), anti-CD8 PE (53-6.7), anti-
FoxP3 PE (FJK-16s), and/or anti-CD73 PECy7 (TY/11.8). Anti-
bodies were obtained from BD Biosciences, Biolegend, or
eBioscience. Flow cytometry was performed on a LSRII flow
cytometer using FACS DIVA software (BD Biosciences) and
Flow]o (Tree Star).

Statistical Analysis

Statistical analyses were performed using Prism 5.0 (Graph-
Pad). For normalization, sham control values were set to 100%
and values for irradiated animals were displayed as percent of
sham controls. Student two-tailed unpaired t tests were used to
compare differences between two groups. One-way ANOVA fol-
lowed by Newman-Keuls multiple comparison tests were used to
compare more than two groups. Two-way ANOVA with post hoc
Bonferroni multiple comparison tests were used to compare
groups split on two independent variables. Statistical significance
was set at P <0.05.

Results

Thorax irradiation triggers upregulation of CD73,
progressive adenosine accumulation in the lung, and
pulmonary fibrosis

To gain insight into the role of CD73 in radiation-induced
pneumopathy, we first examined the effects of a single high
dose (15 Gy) WTI on CD73 expression in lungs of WT C57BL/6
mice. We used a histochemical CD73 assay in which the
released inorganic phosphate from the exogenously added
substrate 5'-AMP is converted into an insoluble black lead
sulfide precipitate. CD73 activity was barely detectable in
lungs of control mice at all timepoints (Fig. 1A). In contrast,
we observed a time-dependent increase in lead sulfide precipita-
tion indicative of enhanced AMPase activity in the lung tissue
of mice exposed to WTI (Fig. 1A). There was no nonspecific
nucleotidase activity as evidenced by a lack of 3-AMP hydrolysis
(Fig. 1A, right).

Next we examined whether upregulation of CD73 expression
was associated with increased generation of adenosine by com-
paring time-dependent changes in lung CD73 enzymatic activity
and adenosine levels in the BALF of mice exposed to 0 or 15 Gy
WTIL. Irradiated mice displayed a time-dependent progressive
increase in lung CD73 enzyme activity compared with sham

Www.aacrjournals.org
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controls culminating in a 3.7-fold rise by 25 to 30 weeks; no
significant differences were seen in control mice (Fig. 1B). WTI
also led to time-dependent adenosine accumulation in the BALF,
suggesting that radiation-induced upregulation of CD73 triggers
enhanced generation of adenosine. This started at 16 weeks
postirradiation and persisted until the end of the observation
time (Fig. 1C).

There was no significant increase in AMPase activity that was
not inhibited by the CD73 inhibitor APCP, suggesting that CD73
is the main AMPase contributing to increased adenosine produc-
tion after WTI (data not shown).

Although the first signs of matrix deposition were detectable
at 20 weeks (but not at 16 weeks) postirradiation, histologic
signs of lung fibrosis became clearly visible in irradiated WT
mice only at 24 to 30 weeks (Fig. 1D). These findings demon-
strate that CD73 activity increases prior to the development of
lung fibrosis.

WII led to an increase in the percentage of CD73" lung
cells and the level of CD73/cell compared with sham
controls; Fig. 2A depicts a representative histogram of whole
lung cells isolated 6 weeks postirradiation. We observed an
increase in CD45" leukocytes in the lungs of WI mice at 12 to
24 weeks postirradiation that was paralleled by a gradual
increase in cells with CD73 surface expression reaching a
maximum at weeks 25 to 30 postirradiation (Fig. 2B and
D). Instead, CD45  cells showed a temporary increase in
the proportion of CD737 cells at week 12 postirradiation
that was however associated with a transient drop in their
number in lung tissue during this intermediate phase (Fig. 2C
and E).

The above data suggested a contribution of CD45" cells in
radiation-induced CD73 upregulation. We next evaluated the
specific roles of CD4" and CD8" lymphocytes and alveolar
macrophages, as these are major immune cells infiltrating the
irradiated lung (22). Although the percentages of CD73 " CD4 "
T cells were increased at most time points (Fig. 2F), the
percentages of CD737CD8" T cells did not change (Fig. 2G).
In contrast, the percentages of CD73" alveolar macrophages
were transiently increased at 6 and 12 weeks postirradiation
(Fig. 2H). Notably, we found largely increased percentages of
CD4 "FoxP3 " regulatory T cells (Tregs) during the pneumonitic
(early) and fibrotic (late) phases (Fig. 2I). Tregs generally
express CD73 (14; Fig. 2]), and may thus be a major source
of adenosine production from CD45" cells during the fibrotic
phase.

Genetic deficiency of CD73 partially protects from early
radiation-induced injury

Early damage to resident cells is thought to be linked to
fibrosis development (2, 4, 26). For example, fibrosis-prone
C57BL/6 mice develop a transient disturbance of blood air
barrier function and increased apoptosis of bronchial epi-
thelial cells 3 weeks after hemithorax irradiation (26). To
determine whether CD73 influences these early pathophys-
iologic alterations associated with radiation-induced lung
disease, we compared albumin levels in the BALF of WT and
CD737/~ mice 3 weeks postirradiation. Albumin leakage into
the BALF was significantly reduced in CD73 /" mice com-
pared with WT mice (Fig. 3A), indicating that loss of CD73
provides partial protection from radiation-induced barrier
dysfunction.

Cancer Res; 76(10) May 15, 2016

38



Wirsdorfer et al.

A 6 Weeks

5 AMP

5 AMP

0 Gy

15 Gy

B C
ek 2
4- — 3 A4- *
= uo 03 Wr oGy
g,&_’ 34 . |<n ,‘i 34 e »xx [ WT15Gy
5 £ 8
<= 24 * 22 2.
@ S @
R E £8
Q = 14 .g E 14
<3
0- © o
3-6 12 16 20-2425-30 3-6 12 16 20-2425-30
Weeks Post IR Weeks Post IR
D
16 Weeks 20 Weeks 24 Weeks 30 Weeks 30 Weeks

MT Staining

MT Staining H&E Staining

0 Gy

15 Gy

Figure 1.
Radiation induces upregulation of CD73, adenosine accumulation, and lung fibrosis.

C57BL/6 WT mice received 0 or 15 Gy WTI and were sacrificed at the indicated

time points postirradiation. A, CD73 histochemistry on lung frozen sections of irradiated and control mice using 5'-AMP or 3'-AMP (negative control) as
substrates. CD73 activity is visualized by the black lead sulfide precipitate. B, lung CD73 enzyme activity at the indicated time points [ = 12/12, 9/9, 10/9, 5/4,

19/13 (0/15 Gy)]. C, fold change of BALF adenosine levels (mean + SEM) of irradi
149.5 nmol/L [n = 9/10, 7/7,10/9, 8/7, 20/11 (0/15 Gy)1. *, P < 0.05; **, P < 0.01;

ated versus control mice. Means of control values were between 41 and
*#* P < 0.001 by two-way ANOVA followed by post hoc Bonferroni test.

D, Masson Goldner Trichrome (MT) and H&E staining of paraffin-embedded lung sections (scale bar, 100 pm).

WIT also triggered a significant increase in active caspases in
the BALF of WT and CD73™/~ mice after 3 weeks, but the
absolute levels of caspase activation were again significantly
lower in knockout mice (Fig. 3B). Consistent with these
findings, more bronchial epithelial cells expressed high levels
of active caspase-3 in tissue sections of irradiated WT than
CD73 /" mice (Fig. 3C). The higher sensitivity of CD73 /"
bronchial epithelial cells to radiation-induced apoptosis may

Cancer Res; 76(10) May 15, 2016
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contribute to the more pronounced barrier function distur-
bance observed in WT mice.

In contrast, there were no significant differences in the
percentages of CD45" cells in the lungs of WT and CD73 7/~
mice after WTT (Fig. 3D). These data demonstrate that loss of
CD73 partially protects mice from radiation-induced early
damage to resident cells without influencing radiation-induced
leukocyte recruitment.
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Thoracic irradiation triggers time-
dependent alterations in CD73
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CD73~/~ mice show reduced adenosine levels and lung fibrosis
after WT1

To determine whether CD73 is required for radiation-
induced adenosine accumulation, we compared radiation-
induced changes in the relative levels of adenosine and its
precursor AMP in CD73 " and CD73 / mice. As our initial
data indicated pronounced CD73 activity at the time of
fibrosis development, we performed these investigations
30 weeks after irradiation. WT mice accumulated high levels
of BALF adenosine at this time point whereas AMP levels
were low (Fig. 4A); in contrast, irradiated CD73 /" mice had
low levels of BALF adenosine but high levels of AMP (Fig.
4B). These findings strongly suggest that the elevated aden-
osine levels in lungs of irradiated WT mice result indeed
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Weeks pust IR

Foxp3

from CD73-mediated enzymatic conversion of AMP to
adenosine.

To examine the role of CD73 in radiation-induced lung fibrosis,
we next compared histologic changes in WT'and CD73 /" mice 30
weeks after WI'Tusing H&E- and MT-stained lung sections (Fig. 4C
and D). We observed slightly increased thickening of alveolar
septa in nonirradiated CD73 '~ mice perhaps due to higher levels
of basal tissue inflammation; however, there was little collagen
deposition visible in nonirradiated WI' or CD73 /~ mice
(Fig. 4D, left). Importantly, lung sections from irradiated WT
mice revealed a prominent thickening of alveolar septa,
increased collagen deposition, and multiple fibrotic foci, well-
known fibrosis-associated lung lesions (28); in contrast, lung
sections of irradiated CD73 /" mice displayed fewer and less
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€D73 /" mice received O or 15 Gy hemithorax irradiation (A and B) or WTI (C and D). A, differences in BALF albumin levels of irradiated WT versus €D73 " mice
(A albumin) at 3 weeks postirradiation by ELISA (n = 4/5). B, differences in BALF active caspase-3 of WT versus CD73 " mice (A caspase-3) by luminescence (RLU)
at 3 weeks postirradiation (n = 3/3). C, active caspase-3 on paraffin-embedded lung sections (bottom panels are a 2x enlargement of middle panels; top

and middle panels, scale bar, 100 pm; bottom panels, scale bar, 50 um). Asterisks depict regions with active caspase-3. D, time course of radiation-induced
infiltration of CD45" cells (%) in WT and CD73 /~ mice [n = 10/10/10/10, 10/10/10/10, 12/12/12/1, 6/4/6/5,10/8/8/9 (WT 0 Gy/WT 15 Gy/CD73 =D, Gy/CD73 3
15 Gy)]. Data show means + SD (A and B) or means + SEM (D). *, P < 0.05; **, P < 0.01; ***, P < 0.001 by unpaired two-tailed ¢ test (A and B) or

two-way ANOVA followed by post hoc Bonferroni test (D). IR, irradiation.

severe lesions yielding a significantly lower Ashcroft score (I'ig. 4C
and D).

To corroborate our findings, we quantified the fibrosis-associ-
ated proteins fibronectin, collagen type 1 (COL1A1) and a-SMA
during the fibrotic phase. Although WTI triggered a significant
increase in fibronectin mRNA expression in WT mice, it enhanced
fibronectin mRNA expression in CD73 '~ mice to a lesser degree
(Fig. 4E). Similarly, a significant accumulation of Collal and
0-SMA protein occurred only in lungs of irradiated WT mice,
particularly in fibrotic areas. In contrast, only low levels of Col1al
were detected in the lung sections of irradiated CD73 ™/~ mice and
0-SMA expression was hardly detectable except for vascular
structures (Fig. 4F and G).

To strengthen the above observations, we additionally ana-
lyzed the expression of the profibrotic cytokines osteopontin
(OPN) and TGFB, known to be associated with fibrosis develop-
ment in patients (30, 31). WI'T induced higher levels of OPN and
TGFp in paraffin-embedded tissue sections of WI mice compared
with CD73 /~ mice at > 25 weeks postirradiation, particularly in
the fibrotic areas (Fig. 5A and B). These findings were confirmed
by qPCR analysis of their mRNA expression levels in whole lung
tissue (Fig. 5C and D).

Taken together, the inability of CD73 / mice to accumulate
adenosine in response to WTI correlates with a significant
reduction in the expression of fibrosis-associated proteins
and a significant attenuation of radiation-induced lung fibro-
sis. In line with these observations, CD73 /~ mice also showed
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improved survival after irradiation (88% vs. 76% for WT
mice) and improved health as shown by normal weight
gain. In contrast, WT mice exposed to WTI displayed a sig-
nificantly reduced weight gain at 30 weeks postirradiation
(108% =+ 6.5%) compared with 135% =+ 18% for nonirradi-
ated controls.

Targeting adenosine accumulation or CD73 attenuates
radiation-induced lung fibrosis

To confirm the involvement of adenosine and CD73 in the
pathogenesis of radiation-induced lung fibrosis, we treated WT
mice with either PEG-ADA, to catabolize adenosine (23) or
with CD73 mAb TY/23 that has proven activity for therapeutic
inhibition of CD73 function in mice (32). On the basis of the
kinetics of CD73 increase and adenosine accumulation (Fig. 1B
and C), treatment was initiated 16 weeks after WTI (Fig. 6A).
PEG-ADA significantly reduced BALF adenosine levels and
almost completely abrogated the radiation-induced increase
in lung CD73 activity (Fig. 6B and C). Even more important,
PEG-ADA reduced the severity of radiation-induced lung fibro-
sis (represented by the Ashcroft score) in all treated mice by
almost 40% (P < 0.01; Fig. 6D and E) and also significantly
reduced fibronectin mRNA expression (Fig. 6F). Similarly, TY/
23 significantly reduced lung CD73 activity (Fig. 6C). Although
TY/23 did not significantly decrease BALF adenosine levels
(data not shown), it significantly reduced fibronectin expres-
sion and severity of radiation-induced lung fibrosis in all
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Genetic deficiency of CD73 prevents radiation-induced accumulation of adenosine and attenuates radiation-induced lung fibrosis. CD73 /= and WT mice
received 0 or 15 Gy WTI and were sacrificed at >>25 weeks postirradiation. Adenosine and AMP levels in BALF for C57BL/6 WT (A) and CD73 / (B) mice
[mean + SEM, n = 16/9, 23/14 (A); n = 7/4, 8/6 (B)]. C, quantification of fibrosis in WT (n = 7/8) and CD73™/~ (n = 7/7) mice by Ashcroft scores; horizontal
lines represent mean values, D, MT and H&E-stained lung sections. Asterisks emphasize thickening of alveolar wall structures and arrowheads fibrotic

regions (scale bar, 100 pum). E, gPCR analysis of fibronectin expression normalized to actin (n = 9/10/7/8). Immunohistochemical stainings of paraffin-
embedded lung sections for collagen type 1(COL1AT; F) and oi-SMA expression (G). Scale bar, 200 pm. Data show means + SEM. *, P< 0.05;**,P< 0.0%;***, P< 0.001
by two-way ANOVA followed by post hoc Bonferroni test (A and B), one-way ANOVA followed by post hoc Newman-Keuls test (C and E), or representative

pictures (D, F, and G).

treated mice by more than 25% (P < 0.05; Fig. 6D and E). These
findings suggest that local concentrations of adenosine in the
vicinity of relevant adenosine receptors may have been
decreased. The above observations demonstrate that therapies
aimed at reducing local adenosine concentrations in lung tissue
through increasing its catabolism or through targeting CD73
can protect the lung from the adverse effects of thorax
irradiation.

Discussion

Here we demonstrate for the first time that CD73-generated
adenosine plays a crucial role in the pathogenesis of radiation-
induced lung fibrosis, a dose-limiting side effect of thorax

WWwWw.aacrjournals.org

irradiation, and show that CD73 and adenosine are new
targets for therapeutic intervention. Thoracic irradiation trig-
gered upregulation of CD73 in lung tissue, progressive accu-
mulation of adenosine in the BALF, increased expression of
profibrotic mediators such as OPN and TGFp, and lung fibro-
sis. CD73 / mice were protected from early damage to
resident lung cells, the progressive increase of BALF adenosine,
the accumulation of OPN and TGFp, and exhibited attenuated
lung fibrosis. Importantly, treatment with a CD73 antibody or
inhibition of adenosine accumulation with PEG-ADA begin-
ning at 16 weeks postirradiation significantly reduced the
severity of radiation-induced fibrosis. We hypothesize that
upregulation of CD73 in response to thoracic irradiation leads
to a sustained increase in pulmonary adenosine promoting
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pathologic tissue remodeling and progression of chronic lung
inflammation to fibrosis.

Our findings corroborate earlier reports of reduced liver
and skin fibrosis in CD73 /" mice induced by CCl; and
thioacetamide or bleomycin, respectively (33, 34). In con-
trast, acute bleomycin-induced pulmonary fibrosis was exac-
erbated in CD73 / mice (18). Later work revealed that
inhibition of the low-affinity ADORA2B attenuates bleomy-
cin-induced pulmonary fibrosis in chronic disease models
(19, 35). Thus, the beneficial or disease-promoting effects of
adenosine vary depending on the tissue, the type of injury
and acute versus chronic disease stages and may be dictated
by the local expression of specific adenosine receptors (19,
36, 37).

Lung injury induced by ionizing radiation resulted in delayed
acute inflammation after 3 to 6 weeks that developed into chronic
inflammation and progressed to fibrosis after 25 to 30 weeks
(6, 21). Chronic inflammation was associated with a constant
increase in CD73"CD45 " leukocytes in the lung as of 12 weeks
and an accumulation of CD73°CD4" T cells including CD4 ™"
FoxP3™ Tregs, during the fibrotic phase. We therefore postulate
that thorax irradiation induces a chronic disease state where the
tissue-destructive and profibrotic effects of adenosine prevail so
that abrogation of CD73 activity or adenosine accumulation has a
net benefit.

Convincing evidence that chronically elevated adenosine
causes pulmonary injury and fibrosis comes from studies of
ADA-deficient mice; these have markedly elevated adenosine
levels and die from respiratory distress caused by lung inflam-
mation and progressive airway remodeling (23, 38). Thus, the
increased CD73 activity and pulmonary adenosine levels in
irradiated WT mice likely amplify profibrotic signaling. In
other published studies, adenosine promoted progression of
skin, liver, and peritoneal fibrosis, mainly via the ADORA2A
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(36, 39), and fibrotic lung disease mainly by activation of the
ADORA2B (35, 40).

Interestingly, thorax irradiation triggered upregulation of OPN
during the fibrotic phase in WT mice, but not in CD73 '~ mice,
suggesting that the CD73/adenosine axis is a major inducer of
OPN in irradiated lung tissue. OPN is also elevated in alveolar
macrophages of ADA-deficient mice by activation of the
ADORA2B, suggesting that adenosine and OPN contribute to the
pathogenesis of the COPD-like syndrome in these mice (40).
OPN is produced by diverse resident and immune cells and is
associated with fibroblast -activation, wound healing, inflamma-
tion and fibrosis in multiple organs, including lung fibrosis
induced by bleomycin (41-43). Importantly, it constitutes a valid
serum biomarker of lung fibrosis in idiopathic pulmonary fibrosis
patients (30). Therefore, we speculate that radiation-induced
accumulation of adenosine may promote fibrosis by amplifying
profibrotic signaling through induction of OPN and that OPN
may represent a biomarker for adverse late effects after lung
irradiation.

OPN '~ mice show reduced expression of profibrotic TGFB,
particularly in macrophages, and reduced TGFp-dependent fibro-
blast activation (43). Therefore, the reduced TGEp levels observed
inirradiated CD73~/~ mice may result from a missing adenosine/
OPN-amplification loop. However, TGFp levels were not altered
in OPN~/~ ADA™/~ mice, suggesting that high adenosine levels
are sufficient to induce TGFP expression (40). Tregs may also
contribute to TCFB accumulation under pathologic conditions
(44). As TGFB induces Tregs and CD73 expression (45), the
accumulation of CD73"CD4 "FoxP3 ™" Tregs in fibrotic lungs of
irradiated mice could be caused by pathologic adenosine accu-
mulation, high TGFp levels, or both, and subsequently contribute
to additional TGFJ secretion and CD73-dependent adenosine
generation (14, 44). We therefore hypothesize that adenosine-
induced accumulation of TGF and Tregs provides a feed-forward
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mechanism for progressive accumulation of adenosine and TGFp.
Consistent with this concept, preliminary data indicate that
irradiated CD73 7/~ mice do not accumulate Tregs during the
fibrotic phase (unpublished observations).

As ADA-deficient mice can be rescued by enzyme replace-
ment therapy with PEG-ADA to decrease tissue adenosine levels
(38), we tried PEG-ADA as well as targeting CD73 with mAb
TY/23 to treat irradiated mice. Both treatments significantly
reduced radiation-induced lung fibrosis. Although TY/23 did
not decrease adenosine accumulation in the BALF as much as
PEG-ADA, it was nearly as effective in reducing radiation-
induced lung fibrosis. TY/23 may impact local adenosine

www.aacrjournals.org

receptor signaling, yet not cause a measurable decrease in BALF
adenosine levels. It is not surprising that PEG-ADA is more
effective at reducing BALF adenosine levels, as it should degrade
all extracellular adenosine including that generated by CD73-
independent mechanisms such as release from cells damaged
during lavage.

Surprisingly, CD73 loss also reduced the damaging effects of
thorax irradiation on resident lung cells and the blood-air barrier
at 3 weeks, a time when increased numbers of CD73"CD45
resident cells and CD73"CD45 "CD4 " T cells are observed in WT
mice. As the magnitude of radiation-induced early damage to
resident lung cells correlates with adverse late effects (2, 4), these
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findings suggest that CD73~/~ mice are protected from lung
fibrosis in part due to attenuation of CD73-dependent early
damage to resident cells. We therefore postulate that the benefit
of radiotherapy may be further improved when CD73 inhibition
is initiated at earlier time points.

Despite the obvious benefits of CD73 deficiency after WTI,
targeting of CD73 or adenosine with TY/23 or PEG-ADA did
not provide complete protection. The beneficial effects of
adenosine in other models of lung inflammation and fibrosis
make it highly likely that therapeutic inhibition of CD73 may
blunt protective effects of CD73-dependent adenosine signal-
ing that limit radiation-induced tissue damage and the result-
ing inflammation particularly during acute disease stages. For
example, ADORA2A signaling via CD73-generated adenosine
may suppress inflammatory functions of the innate and adap-
tive immune systems, modulate angiogenesis and matrix-
induced proinflammatory and profibrotic signaling, and
induce Tregs, which are known to contribute to adenosine-
mediated resolution of acute lung injury (17, 46). Intriguingly,
we observed pulmonary accumulation of CD73"CD4 ' FoxP3"
Tregs during the pneumonitic and fibrotic phases upon WTI.
However, the specific roles played by Tregs, additional CD73-
expressing immune cells, resident endothelial and epithelial
cells or fibroblasts and specific adenosine receptors in radia-
tion-induced fibrosis remain to be explored.

Certainly, the tissue-, injury- and disease stage-dependent
beneficial or adverse effects of adenosine demand further inves-
tigation to define the optimal therapeutic target and treatment
schedule. Moreover, any pharmacologic strategies targeting the
CD73/adenosine pathway for protection against radiation-
induced fibrosis will require careful testing as they may bring
complications such as excessive inflammation or autoimmunity
by abrogating protective signals mediated by various adenosine
receptors, particularly during acute disease stages (47-50). Nev-
ertheless, therapeutic inhibition of CD73 activity or adenosine
accumulation provided a significant protection of mice against
radiation-induced lung fibrosis offering new opportunities for
therapeutic intervention.

In tumor-bearing mice, CD73 and adenosine promote tumor
immune escape (51, 52). Intriguingly, radio(chemo)therapy
triggers upregulation of CD73 and CD39 in circulating immune
cells of cancer patients and may thereby dampen antitumor
immune responses (53). It is therefore likely that pharmaco-
logic modulation of the CD73/adenosine pathway may provide
a clear therapeutic gain in cancer treatment through multiple
mechanisms including immune enhancement (10, 32) and
protection of normal tissues against the adverse effects of
radio(chemo)therapy by abrogating profibrotic adenosine
signals.
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Abstract

Alternatively activated macrophages play a pathogenic role in idiopathic pulmonary
fibrosis but their contribution to radiation-induced lung fibrosis remains elusive. We
aimed to define alterations in the numbers and phenotypes of total and alveolar
macrophages (AM) upon whole thorax irradiation (WTI) and to explore a potential
role of radiation-induced environmental lung changes for driving AM polarization in a
murine model with a focus on CD73 and adenosine. For this, wild type C57BL/6 (WT)
mice and CD73 knockout mice (CD73”) received a single dose whole thorax
irradiation (15 Gray). Lung tissue was collected at defined time points post-irradiation
for isolation and phenotyping of myeloid cells (monocytes/macrophages) and
complementary histological, immunohistochemical and RNA analyses. We observed
a dramatic loss of AM at 3 weeks post-irradiation in WT and CD73" mice. Myeloid
cells repopulated the lung tissue of WT mice within 6 weeks after irradiation, whereas
CD73” mice showed a trend to delayed macrophage repopulation. Total
macrophages and AM displayed increased surface-expression of pro-inflammatory
markers such as MHCII throughout the observation period in both strains but
particularly in CD73” mice. In contrast, we detected a significant up-regulation of the
anti-inflammatory macrophage mannose receptor 1 (MMR) during the fibrotic stage
only on AM of WT mice. Interestingly, the development of radiation-induced
pulmonary fibrosis in WT mice was accompanied by the accumulation of
macrophages within organized clusters expressing pro-fibrotic marker proteins such
as transforming growth factor beta (TGFP), alpha-smooth muscle actin (a-SMA) and
arginase-1 (ARG1). In contrast reduced fibrosis development in CD73” mice was
associated with a failure to develop clusters of alternatively activated macrophages.
We speculate that accumulation of alternatively activated macrophages in organized

clusters represents the origin of fibrotic foci in the irradiated lung and is driven by the
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cross-talk of chronic accumulation of adenosine, the hyaluronic acid system and

potentially TGFp.

Introduction

Radiation is a major treatment option for cancer patients. However, the normal
lung tissue is highly sensitive to radiation-induced damage and has only little repair
capacity. As a consequence, radiation-induced pneumonitis and pulmonary fibrosis
may develop in patients upon thoracic or total body irradiation (TBI), thereby reducing
survival rates and quality of life [1, 2]. So far no effective treatment is available for
clinical use, so that these dose-limiting side effects are still a major barrier to
successful radiotherapy of thorax-associated neoplasms [3, 4].

Deregulated cytokine production without or with aseptic lung inflammation is a
frequent pathologic finding in patients after thoracic irradiation or TBI [4, 5] and is
observed in murine models [4, 6-10]. In own investigations, the time-dependent
recruitment of immune cells to the lung tissue after hemithorax irradiation of C57BL/6
mice with 15 Gray (Gy) was associated with a significant increase in the levels of
various monocyte/macrophage associated cytokines and chemokines, for example
macrophage-colony stimulating factor (M-CSF), macrophage chemoattractant
protein-1 (MCP-1; CCL-2), macrophage inflammatory proteins (MIP)-13 and MIP-2 in
the bronchoalveolar lavage fluid (BALF) of irradiated mice compared to sham
controls [11].

M-CSF and MCP-1 promote the influx, proliferation or differentiation of
monocytes/macrophages and have been associated with increased macrophage
accumulation, production of connective tissue growth factor (CTGF) and fibrosis in
bleomycin-induced lung fibrosis [12]. A pathogenic role of macrophages has also

been postulated for idiopathic pulmonary fibrosis (IPF) [13, 14]. The influx of myeloid
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cells has also been observed in murine models of radiation-induced pneumopathy
during both, the pneumonitic phase and the fibrotic phase [15-17]. Importantly,
several reports including our own studies suggested a potential role of foamy
macrophages or alternatively activated macrophages in radiation-induced adverse
late effects though the responses may depend on the mouse strain [11, 16, 18-20].

Generally, mononuclear phagocytes participate in orchestrating innate and
adaptive immune responses and thereby play essential roles in inflammation and
host defense against infections. But they also exert homeostatic functions in diverse
tissues, coordinate tissue remodeling in injured tissues or within the tumor
environment, and even impact host metabolism [21, 22]. Their high plasticity allows
macrophages to adapt quickly to various environmental signals such as those from
lymphocyte subsets or danger signals in injured tissues [23]. Macrophages have
initially been classified into classically activated (M1) and alternatively activated (M2)
populations executing predominantly pro-inflammatory or anti-inflammatory actions,
respectively [24]. However, it is now clear that macrophages can adopt various
phenotypes as a continuum in between the M1/M2 extremes, including mixed M1/M2
phenotypes under pathological conditions [25], and that the various phenotypes have
tissue- and context-dependent functions [26, 27].

We recently showed that activation of ecto-5"-nucleotidase (NT5E, CD73) and
chronic accumulation of adenosine participate in radiation-induced lung fibrosis and
that genetic deficiency or pharmacologic inhibition of CD73/adenosine signaling
reduces extracellular adenosine thereby significantly decreasing radiation-induced
fibrosis in mice [17]. CD73 and adenosine play critical roles in balancing tissue
inflammation and repair processes regulating, amongst others, leukocyte
extravasation and function [28-32]. But depending on the disease model (acute or

chronic) extracellular accumulation of adenosine has either tissue protective or
52



adverse effects in pulmonary fibrosis [17, 33-35].

Fibrosis is characterized by excessive deposition of extracellular matrix (ECM)
molecules [36]. These include mainly collagens and fibronectin but the
glycosaminoglycan hyaluronan (hyaluronic acid, HA) can also participates in the
regulation of chronic lung inflammation and fibrosis, at least in the preclinical
bleomycin model [37-39]. Cell stress triggers the fragmentation of high molecular
weight (HMW) HA to low molecular weight (LMW) HA and interactions between LMW
HA and macrophages [38, 40, 41], as well as between the HA system and adenosine
signaling through two (ADORA2A, ADORAZ2B) of its four receptors are well
documented [39, 42]. Our own previous work revealed that HA accumulates in
murine lungs during the fibrotic phase [43]. However, not much is known about the
regulation of macrophage phenotype and functions in the changing environment of
irradiated lungs and their impact on the development of radiation-induced lung
fibrosis. Here, we aimed to gain further insight into radiation-induced immune
changes in the lung tissue. In particular, we aimed to characterize radiation-induced
changes in macrophage recruitment, differentiation and function, and to define their
role for fibrosis development in a murine model with a focus on suspected regulatory

molecules identified in our previous work such as adenosine as well as HA.
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Materials and Methods
Mice

C57BL/6 wild-type (WT; CD73**; Harlan) and CD73” mice (C57BL/6
background) [29] were bred and housed under specific pathogen-free conditions in
the Laboratory Animal Facilities of the University Hospital Essen. Food and drinking
water were provided ad libitum. The animal facility and all protocols were approved
by the Universities Animal Protection Boards in conjunction with the Landesamt fir
Natur, Umwelt und Verbraucherschutz Nordrhein-Westfalen (LANUV) according to
the German animal welfare regulations (AZ.8.87-51.04.20.09.333, AZ.84-

02.04.2011.A407).

Irradiation

Mice (8-12 weeks) were anesthetized with 3% isoflurane and irradiated in
0.8% isoflurane with either a single dose of 0 Gy (sham control) or with 15 Gy over
their whole thorax (WTI) using a Cobalt-60 source (Philips, Hamburg, Germany) [44].
Mice were sacrificed at 3, 6, 12, 24, or 25-30 weeks post-irradiation and lung tissue

was collected.

Lung leukocyte phenotyping

Total lung cells were isolated as described previously [44]. Isolated cells were
stained with anti-mouse CD45 PacificBlue (30-F11) for total leukocytes. Within lung
leukocytes, myeloid cells were defined with anti-CD11b PerCP-Cy5.5 (M1/70),
macrophages were defined with anti-F4/80 PE-Cy7 (BM8), and AMs were defined
with anti-CD11c BV (N418) and increased FL-1 autofluorescence as recently
published [45]. Populations were further characterized with anti-MHCII APC

(M5/114.15.2) and anti-MMR PE (C068C2). Antibodies were obtained from BD
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Biosciences (Heidelberg, Germany), BioLegend (Fell, Germany) or eBioscience
(Frankfurt, Germany). Data acquisition and analysis were performed on a LSRII

using FACS DIVA (BD Bioscience, USA) and FlowJo (Tree Star, Ashland, USA).

RNA isolation

Tissue RNA: Fresh frozen lung tissue was pulverized, lysed in RLT buffer
(Qiagen, Hilden, Germany) and sonicated with an Ultraturrax IKA T10 (IKA, Staufen,
Germany) for 30 seconds. RNA was further isolated using the homogenizer
QIAshredder and RNeasy Mini Kits (Qiagen) according to the manufacturer’s

instructions.

Quantitative real-time PCR (QPCR)

RNA was reversely transcribed with the QuantiTect Reverse Transcription Kit
(Qiagen). QPCR expression levels were normalized to the reference gene (B-actin;
set as 1). Quantitative real-time PCR was carried out using specific oligonucleotide
primers (B-Actin (Actb): fw, CCAGAGCAAGAGAGGTATCCG; rev,
CTGTGGTGGTGAAGCTGTAG; iINOS (Nos2): fw, AGCTCCTCCCAGGACCACAC;
rev, ACGCTGAGTACCTCATTGGC; ARGH1 (Arg1): fw,
GTGAAGAACCCACGGTCTGT; rev, CTCGCAAGCCAATGTACACG; IL-10Ra
(II10ra): fw, AGGCAGAGGCAGCAGGCCCAGCAGAATG; rev,
TGGAGCCTGGCTAGCTGGTCACAGTAGG; Has3 (Has3): fw,
GATGTCCAAATCCTCAACAAG; rev, CCCACTAATACATTGCACAC; CD44 (Cd44):
fw, AGGATGACTCCTTCTTTATCCG; rev, CTTGAGTGTCCAGCTAATTCG;

RHAMM (Hmmr): fw, GAATATGAGAGCTCTAAGCCTG; rev
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CCATCATACTCCTCATCTTTGTC, using QPCR MasterMix for SYBR® Assay ROX

(Eurogentec, Cologne, Germany) according to the manufacturer’s instructions.

Histopathology

Paraffin embedded tissue: Lungs were perfused (with PBS) and then fixed
overnight with 4% (wt/vol) paraformaldehyde in PBS (pH 7.2). Upon dehydration,
lungs were embedded in paraffin and sectioned into 5 um slices.

Immunohistochemistry:

iNOS (NOS2), ARG1 (ARG1) TGF-B (TGFB1), a-SMA (ACTA2):
Immunohistochemical (IHC) staining of paraffin-embedded lung tissue slides was
performed using the Mouse on Mouse (M.O.M.™) ImmPRESS™ HRP (horseradish
peroxidase) Polymer Kit (Vector Laboratories, Burlingame, USA) according to the
manufacturer's instructions. Anti-inducible nitric oxid synthase (iINOS) (BD
Biosciences, Heidelberg, Germany), anti-ARG1 (Santa Cruz Biotechnology,
Heidelberg, Germany), anti-TGFB (R&D Systems, Wiesbaden, Germany) and anti-a-
SMA (Merck Millipore, Darmstadt, Germany) were used as mouse primary
antibodies. The ImmPACT™ VIP Peroxidase (HRP) Substrate Kit (Vector
Laboratories) was used to detect TGFB and a-SMA according to the manufacturer’s
instructions. Stained sections were counterstained with hematoxylin.

Mac-3 (LAMP2): Tissue slides were deparaffinised, rehydrated and steam
boiled in citrate buffer pH 6. After blocking endogenous peroxidase with 3% H>O,,
sections were blocked for 20 min with 2% normal goat serum (NGS) and
subsequently incubated with anti-Mac-3 antibody (BioLegend, Fell, Germany)
overnight at 4°C. Mac-3 was detected by secondary antibody linked to HRP and
subsequent Diaminobenzidine (DAB) staining.
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Affinity histochemistry:

bHABP (HA binding protein): Tissue slides were deparaffinised, rehydrated
and endogenous peroxidase activity was blocked with 3% H>O, Affinity
histochemistry of HA was performed incubating biotinylated bHABP overnight (ON)
(Seikagaku, Tokyo, Japan) and further detection using HRP-labeled streptavidin

(Calbiochem, Bad Soden, Germany) and subsequent DAB staining.

Immunofluorescence:

ARG1/Mac-3 double staining: Immunofluorescence staining of paraffin-
embedded lung tissue slides was performed using the Mouse on Mouse (M.O.M.™)
Immunodetection Kit BASIC (Vector Laboratories) according to the manufacturer’s
instructions. Tissue sections were incubated with anti-ARG1 antibodies ON at 4°C.
Anti-ARG1 was detected using Alexa Fluor® 555 conjugate (Invitrogen, Thermo
Fisher Scientific, Waltham, USA). Slides were the blocked with 2% NGS and
incubated with anti-Mac-3 antibody ON at 4°C. Anti-Mac-3 was detected using Alexa

Fluor® 488 conjugate (Invitrogen).

Statistics

Statistical analyses were performed using Prism 5.0 (GraphPad). For
normalization, sham control values were set to 100% or 1 and values for irradiated
animals were depicted as % of sham controls or relative to controls. Student’s two-
tailed unpaired t tests were used to compare differences between two groups. Two-
way ANOVA with post-hoc Sidak’s multiple comparisons test was used to compare

groups split on two independent variables. Statistical significance was set at P <0.05.
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Results

Thorax irradiation triggers an early loss of pulmonary macrophages, influx of
CD11b* cells, and upregulation of pro- and anti-inflammatory macrophage
markers

To study the macrophage response in irradiated lungs, we exposed mice to WTI with
a single dose of 15 Gy or 0 Gy (sham control) and dissected the lung tissue for flow
cytometric analysis at different time-points. Total macrophages were gated based on
CD45 and F4/80 staining (Fig. 1A upper panel). In non-irradiated mice the proportion
of F4/80" pulmonary macrophages from leukocytes (CD45") was 20.9+0.6%.
Irradiation led to a significant reduction in the percentage of F4/80" macrophages at 3
weeks after IR (Fig 1B). We identified AM among living leukocytes by a gating
strategy recently developed by Vermaelen and colleagues for distinguishing AM
(CD45*CD11c¢™" autofluorescent cells) from pulmonary dendritic cells [45]. This
strategy is depicted in Fig. 1A middle panel and revealed a percentage of AMs in
total living CD45" leukocytes in control mice of 6.8+0.6% (Fig. 1A). Exposure to
ionizing radiation (IR) caused a reduction in AM levels of almost 90% after 3 weeks
(Fig. 1C) and was accompanied by significantly enhanced levels of CD11b*
monocytic cells within the leukocyte population (Fig. 1A lower panel + 1D). The level
of CD45"CD11b" cells in non-irradiated mice was on average 36.2 £1.1%.

To analyze the phenotype of macrophages we used major histocompatibility complex
II (MHCIl) as marker for a pro-inflammatory phenotype and macrophage mannose
receptor (MMR) as marker for alternative activation, respectively. Fig. 2A shows the
strategy for determination of the mean fluorescence intensity (MFI) for MHCII and
MMR on F4/80" macrophages as well as AM. The flow cytometric analyses revealed
that macrophages present in irradiated lung tissue 3 weeks after IR express MHCII

and MMR (Fig. 2B).
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When analyzing the proportions of macrophages and CD11b" cells at different time
points after IR, percentages of macrophages recovered at 6 weeks upon radiation
treatment compared to non-irradiated controls with a trend for a slight delay in

complete recovery of AM (Fig. 2C).

Pulmonary macrophages undergo changes in their phenotype during the
fibrotic stage

We next investigated time-dependent changes in the macrophage phenotype in
fibrosis-prone WT mice after irradiation. Flow cytometric analyses revealed a trend to
enhanced levels of the pro-inflammatory marker MHCII throughout the observation
period in the F4/80" population whereas the anti-inflammatory marker MMR was
found to be slightly but significantly enhanced only at 6 weeks after IR (Fig. 3A). AM
also showed enhanced expression of MHCII throughout the observation period with a
significant increase during the fibrotic phase at 25-30 weeks post irradiation (Fig. 3B).
In contrast to F4/80" macrophages we detected a significant up-regulation of MMR

expression on AM at 25-30 weeks after IR.

Alternatively activated macrophages form clusters in the lung tissue and
express pro-fibrotic markers

Our earlier work revealed that histologic signs of fibrosis can be detected at 25-30
weeks after IR [17, 43]. We therefore performed a detailed immunohistochemical
analysis of macrophages for this time-point and found that macrophages
accumulating in the lung tissue during the fibrotic phase formed organized clusters
(Fig. 4A) and showed pronounced expression of ARG1, a marker for alternatively
activated macrophages [18], and of the pro-fibrotic markers TGFB and a-SMA (Fig.

4B+C), respectively. In contrast, expression of the pro-inflammatory iNOS could be
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detected in only a few clusters. Double staining of tissue sections with Mac-3 and
ARG1 confirmed a specific co-localization of ARG1 on macrophages (Fig. 4B).
QPCR analyses of whole lung tissue RNA samples from 12 and 25-30 weeks after IR
confirmed the enhanced expression of ARG1, whereas iINOS and the receptor of
interleukin 10 (subunit alpha) (IL-10Ra) showed slightly enhanced but not

significantly different values (Fig. 4D).

CD73 deficiency prevents the accumulation of alternatively activated
macrophages

Our previous work revealed that genetic deficiency of ecto-5'-nucleotidase
(CD73) attenuates radiation-induced pulmonary fibrosis in CD73” mice [17]. We
were therefore interested in whether loss of CD73 would affect accumulation and
phenotype of pulmonary macrophages. Indeed, genetic loss of CD73 was associated
with a failure of pulmonary macrophages to develop organized macrophage clusters
at 25-30 weeks post-IR (Fig. 5A).

Furthermore, comparable to the results obtained in WT mice we found that
F4/80* lung macrophages isolated from irradiated CD73” mice displayed up-
regulated expression of the pro-inflammatory marker MHCII throughout the
observation period (Fig. 5B left panel) whereas the anti-inflammatory marker MMR
was not enhanced at any time point (Fig. 5B right panel). MHCII was also
significantly up-regulated on CD73” AM at 3 and 25-30 weeks after irradiation (Fig.
5C left panel). However, in contrast to the observations in WT mice MMR was found
to be up-regulated on CD73” AM only at the 3 weeks time but not during the fibrotic
phase (Fig. 5C right panel). QPCR analyses from whole lung tissue RNA samples
(Fig. 5D) revealed that neither ARG1 nor IL-10Ra or INOS were enhanced in CD73

deficient mice upon IR, confirming the failure to initiate alternative activation in
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macrophages. Taken together the results suggest that the pathogenesis of radiation-
induced lung fibrosis involves an accumulation of AM in organized clusters and a

CD73-dependent shift of these AM towards an alternatively activated phenotype.

CD73 deficiency impacts on the HA signaling pathway

Earlier reports pointed to a link between the HA system and adenosine
signaling [39, 42]. Furthermore, our previous work revealed increased deposition of
HA in WT mice during the fibrotic phase [43]. Affinity histochemical staining for HA
binding protein (HABP) corroborated the accumulation of HA within the fibrotic areas
(Fig. 6A). A detailed analysis of the time course of HA accumulation revealed that HA
deposition became visible already at 16-20 weeks (Fig. 6A). Interestingly, HA
staining seemed to be more diffuse at the late time-point (30 weeks). Of note, no
histologically detectable formation of HA positive fibrotic foci could be observed in the
CD73" mice (Fig. 6A right panels).

Next we examined whether the time-dependent changes in HA abundance in
irradiated lungs of WT mice and the differences between WT and CD73" mice could
be attributed to radiation-induced differences in the regulation of genes of the HA
pathway (Fig. 6B and C). For this we compared relative mRNA expression levels of
irradiated whole lung tissue samples and sham controls from WT and CD73" mice.
Has1 and Has2 underwent reciprocal changes in expression after IR in both, WT and
CD73" animals (Fig. 6B). While Has1 levels declined over time until the fibrotic
phase Has2 underwent a time-dependent up-regulation after irradiation with highest
levels observed in the fibrotic phase. Interestingly, at the 12 week time-point and thus
just before the onset of visible HA deposition in WT mice, Has1 and Has2 expression

was increased in WT compared to CD73" mice (Fig. 6B).
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Instead, Has3 was found to be up-regulated at the 3 week time point in the
lungs of irradiated WT animals and declined throughout the observation period; in
contrast, in CD73” mice Has3 expression was low at the 3 week time point but
showed a significant increase during the fibrotic phase (Fig. 6C). This was paralleled
by a comparable time-course in the expression of the HA receptors CD44 and
hyaluronan-mediated motility receptor (Hmmr, RHAMM) in CD73" mice (Fig 6C). In
contrast, the expression of CD44 remained almost unchanged in WT mice whereas
the expression of RHAMM displayed a dual increase at the 3 week and the 30 week

time-points in these mice, respectively (Fig 6C).
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Discussion

Here we demonstrate for the first time that thorax-irradiation of fibrosis-prone
C57BL/6 mice triggers a switch of AM towards an alternatively activated phenotype
and their accumulation in organized clusters expressing fibrotic marker proteins
during the fibrotic phase. Genetic deficiency of CD73 abrogated both, the phenotypic
switch of AM and the formation of organized macrophage clusters in the irradiated
lung tissue. Reduced deposition of ECM molecules in CD73” mice was accompanied
by specific differences in the expression of genes of the HA system and reduced HA
deposition. We conclude that radiation-induced activation of the CD73/adenosine and
HA pathways cooperate in promoting radiation-induced pulmonary fibrosis by driving
the formation of macrophage clusters and a phenotypic switch of AM towards
alternatively activated, pro-fibrotic phenotypes in the context of further radiation-
induced changes in the pulmonary environment.

In detail, while the percentage of pulmonary macrophages, particularly AMs,
declined during the first weeks after WTI, which is consistent with findings by others
[20], we detected an increased influx of CD11b™ myeloid cells. As this myeloid cell
population is known to contain macrophage precursors we speculate that radiation-
induced tissue damage and subsequent up-regulation of monocyte-chemoattractants
trigger the influx of myeloid cells into the lung tissue to replace eradicated tissue
resident macrophages [11, 46]. Accordingly, we observed a reconstitution of F4/80"
macrophages at 6 weeks and of AMs at 12 weeks post-irradiation that was
accompanied by a normalization of CD11b" cell levels. In line with our observations,
bone-marrow-derived cells replaced eradicated AMs in unshielded murine lungs
around 6 weeks after TBI [47] whereas under homeostatic conditions AMs expand

via self-renewal [48].
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Macrophage-phenotyping in WT mice revealed that pro-inflammatory markers
like MHCII were significantly up-regulated in F4/80" macrophages and in remaining
AM at the 3 week time-point. The anti-inflammatory marker MMR was also
significantly up-regulated at early time points on F4/80" macrophages (6 weeks post-
irradiation) and AMs (3 weeks post-irradiation). While MHCII levels remained
elevated during the observation period in both macrophage populations, expression
levels of MMR declined during the transition phase but were up-regulated during the
fibrotic phase specifically on AM. Our findings corroborate earlier reports on the
generation of alternatively activated macrophages in murine lungs upon thoracic
irradiation [18, 20], though the murine studies differ in radiation doses, investigated
time points, as well as markers and gating-strategies used to identify pulmonary
macrophages. A contribution of alternatively activated macrophages to bleomycine-
induced lung fibrosis in mice has also been suggested [49].

The generation of alternatively activated macrophages in irradiated lungs was
associated with their accumulation in organized clusters. This is reminiscent of
findings in the rat model of bleomycin-induced pulmonary fibrosis where organized
macrophage clusters were observed at day 7 and 14 after intratracheal bleomycin
injection [50]. Furthermore, focal lesions containing numerous macrophages were
observed in lungs of irradiated C57L/J mice, but already at 8 weeks post-irradiation
[51]. A strong association between organized macrophage clusters in the lung and
fibrosis development was also reported in a model of targeted type Il alveolar
epithelial cell injury [52]. Instead, Franko and coworkers described the formation of
focal lesions containing TGFP positive fibroblasts upon single dose thoracic
irradiation (15 Gy) in fibrosis-prone C57BL/6 mice but not in fibrosis-resistant
C3HeB/Fed mice [53]. In the present study we now demonstrate that organized

macrophage clusters are exclusively present during the fibrotic phase and strongly
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express pro-fibrotic mediators, suggesting a role for cluster-forming alternatively
activated macrophages, presumably AMs, in radiation-induced pulmonary fibrosis.
So far, the role of macrophages in radiation-induced pneumopathy and the
molecular networks involved in their regulation remained elusive. Here we show for
the first time that in irradiated CD73” mice, macrophages fail to organize into clusters
and AMs do not up-regulate markers for alternative activation such as MMR and
ARG1. Our findings suggest a role for chronic CD73-dependent adenosine
accumulation in driving the phenotypic switch in macrophages and a potential
contribution of these alternatively activated alveolar macrophages in promoting
radiation-induced fibrosis. This assumption is supported by earlier reports
demonstratinga role of adenosine in driving and modulating alternative activation of
macrophages [54-57]. Moreover, adenosine signaling has also been identified as
contributor to fibrotic disease in other murine models in a tissue-dependent and
injury-dependent manner [33, 58]. In this context, signaling via ADORA2B and
ADORAB3 seem to be particularly important in pulmonary fibrotic disease [14, 39, 59].
Suggested mechanisms of the pro-fibrotic actions of pulmonary macrophages
involve overproduction of reactive oxygen species as well as generation and
activation of pro-fibrotic cytokines such as TGFp [24, 60]. Comparative transcriptome
analysis of lung tissue from fibrosis-prone and fibrosis-resistant mice exposed to
thoracic irradiation revealed differences in the expression of signaling molecules
associated with immune activation [61, 62]. Accordingly, we observed up-regulated
MRNA and protein levels of TGFB and osteopontin (OPN) upon WTI only in the lung
tissue of C57BL/6 mice whereas the levels of these clinically relevant fibrotic markers
were lower in the lungs of CD73” mice [17]. As the pro-fibrotic mediator TGFB can
induce alternative macrophage activation [63, 64] we speculate that the accumulation

of TGFB in irradiated lungs may cooperate with adenosine in driving the phenotypic
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switch in macrophages during the fibrotic phase. Furthermore, macrophages can
produce OPN induced downstream of ADORA2B signaling [65].

Interestingly, the specific knockout of ADORA2B on myeloid cells (LysM®™)
reduced adenosine levels in the BALF, the numbers of alternatively activated
macrophages and of a-SMA™ fibroblasts, and fibrosis development in the chronic
bleomycin model [14]. Moreover, CD73 and ADORA2B were up-regulated in lung
biopsies from patients with chronic obstructive pulmonary disease (COPD) Stage 4
or severe IPF, respectively, with their expression particularly confined to alternatively
activated pulmonary macrophages [49]. These findings highlight a role of CD73-
activation, adenosine accumulation, and ADORAZ2B activation in driving the
accumulation of alternatively activated macrophages and fibrotic pulmonary disease
also in patients.

We also identified the HA pathway as another important modulator of
radiation-induced pulmonary fibrosis, presumably through an interaction with the
CD73/adenosine-pathway: We observed increased HA-deposition only in irradiated
WT but not in CD73” mice. Furthermore, HA-deposition in WT lungs was observed
at 16-20 weeks post-irradiation, and thus in parallel to the chronic accumulation of
adenosine but prior to the occurrence of histologically detectable fibrosis described in
our recent study [17]. Interestingly, the differences in HA deposition between
irradiated WT and CD73"" mice were associated with differences in the expression of
HA synthases. At the critical 12 week time-point that represents the onset of
adenosine accumulation [17] Has1 and Has2 displayed increased expression in WT
compared to CD73” mice. These observations corroborate the suggested link
between the adenosine and hyaluronan pathways in regulating tissue inflammation
and fibrosis in other murine models and for patients with COPD [39, 42, 66]. In

contrast, Has3 was up-regulated during the fibrotic phase only in the CD73" mice.
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Unlike Has1 and Has2, Has3 mainly synthesizes LMW HA with reported pro-
inflammatory actions [67, 68]. Activation of the pro-inflammatory arm of the HA
pathway during the fibrotic phase may thus help the CD73” mice to limit fibrosis
development, e.g. through activating ECM-degrading enzymes [69].

Taken together our results point to a pathogenic role of the accumulation of
alternatively activated macrophages in pre-fibrotic clusters in radiation-induced lung
fibrosis. Reduced extracellular adenosine accumulation in CD73” mice prevented
macrophage from accumulation in organized clusters, to undergo a phenotypic
switch, and to express pro-fibrotic markers in irradiated lungs. Thus, radiation-
induced increases in adenosine, TGFB, and HA may cooperate in driving
macrophage recruitment, activation and organization in pre-fibrotic clusters and
fibrosis progression. Our findings contribute to a better understanding of the signaling
networks driving polarized macrophage activation and fibrosis in the irradiated lung
and may allow us to define new diagnostic biomarkers and therapeutic strategies for

this dose-limiting adverse effect of thorax irradiation.
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Figures and Figure Legends
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Radiation treatment triggers early loss of pulmonary macrophages and an early
influx of CD11b* cells. C57BL/6 WT mice received 0 or 15 Gy WTI and were
sacrificed at 3 weeks post-irradiation. Whole lung cells were stained and further
analyzed by flow cytometry. (A) Gating strategy for F4/80" macrophages, alveolar
macrophages (AM, via the expression of CD11c and autofluorescent property of AM

[45]) and CD11b" cells from all living CD45" cells in the lung, shown for a 0 Gy
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irradiated sample. Relative percentages of F4/80" cells (B), AM (C) and CD11b" cells
(D) normalized to non-irradiated controls (n = 7). Shown are mean values + SEM (B,

C, D), **P<0.01, ***P<0.0001 by unpaired two-tailed t-test.
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Whole thorax irradiation leads to upregulation of pro- and anti-inflammatory
markers predominantly in alveolar macrophages. C57BL/6 WT mice received 0
or 15 Gy WTI and were sacrificed at the indicated time points upon irradiation. Whole
lung cells were stained and further analyzed by flow cytometry. (A) Histograms show
representative samples (isotype control in light blue, 0 Gy in light grey and 15 Gy
dark grey) for the surface markers major histocompatibility complex (MHCII) and
macrophage mannose receptor (MMR) for F4/80" macrophages (3 week time point)
and AM (30 week time point). Indicated area was used for quantification. (B) At 3
weeks post-irradiation, lung macrophages (F4/80" macrophages or AM) were

characterized for their expression of MHCIlI or MMR. Shown are mean fluorescent
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intensities (MFI) per cell (n = 7). (C) At the indicated time points leukocytes (CD45%)
were stained with F4/80, CD11c or CD11b to define percentages of lung
macrophages (n = 6/7, 6/6, 6/5, and 8/2 at the indicated time points), AMs (n = 6/7,
6/6, 6/5 and 11/8 at the indicated time points) or monocytic cells (n= 6/7, 6/6, 6/6 and
8/2 at the indicated time points) respectively. Shown are mean values + SEM, *P <

0.05, ****P < 0.0001 by unpaired two-tailed t-test (B) or by two-way ANOVA followed

by Sidak’s multiple comparisons test (C).
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Macrophages in the irradiated lung tissue undergo changes in their phenotype
in the fibrotic state. C57BL/6 WT mice received 0 or 15 Gy WTI and were sacrificed
at the indicated time points after irradiation. Bar diagrams (A) show the relative MFI
of MHCII and MMR for F4/80" macrophages (n = 6/7, 6/6, 6/5 and 8/2 at the
indicated time points) or AMs (B, n = 6/7, 6/6, 6/5 and 12/6 at the indicated time
points) at the indicated time points. Shown are mean values + SEM, *P < 0.05, ***P <
0.001, ****P < 0.0001 by two-way ANOVA followed by Sidak’s multiple comparisons

test.
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Alternatively activated macrophages form clusters in the lung tissue and have
a pro-fibrotic phenotype. C57BL/6 WT mice received 0 or 15 Gy WTI and were
sacrificed at 25-30 weeks upon irradiation. (A) IHC staining of paraffin-embedded

lung tissue with primary antibody for Mac-3 was performed to identify macrophages
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and macrophage clusters per section. Scale bar = 100um. Numbers of clusters are
shown in scatter plot (horizontal line indicates median). (B) Representative IHC
pictures (from 15 Gy irradiated samples) for macrophage clusters stained with iNOS,
ARG1, TGFpB or a-SMA primary antibody are shown (left panels). Scale bar = 100um.
The right panels show an immunofluorescence double staining for Mac-3 and ARGH1.
Double staining results in a yellow signal. Scale bar = 100 um. (C) Quantification of
evaluated macrophage clusters from IHC stainings for indicated markers in scatter
plots (horizontal line indicates median). (D) QPCR analysis for iNOS (n = 8/7 and 8/7
at the indicated time points), ARG1 (n = 8/8 and 7/7 at the indicated time points) and
IL-10Ra (n = 8/8 and 8/8 for both time points) from whole tissue RNA samples for
indicated time points after irradiation, shown are mean values £ SEM. *P < 0.05, **P
< 0.01, by unpaired two-tailed t-test (A+C) or by two-way ANOVA followed by Sidak’s

multiple comparisons test (D).
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CD73 deficiency prevents the accumulation of alternatively activated
macrophages. CD73" mice received 0 or 15 Gy WTI and were sacrificed at
indicated time points. (A) IHC staining of paraffin-embedded lung tissue with primary
antibody for Mac-3 was performed and macrophage clusters per section were
counted. Numbers of clusters are shown in scatter plot (horizontal line indicates
median). Bar diagrams show the relative MFI of MHCII and MMR for F4/80"
macrophages (B, n = 7/7, 7/7, 6/5, 6/6 and 7/3 at the indicated time points) or AMs
(C, n=7/7, 6/7, 6/5, 6/6 and 10/7 at the indicated time points) at indicated time
points. (D) QPCR analysis for iNOS (n = 9/10 and 10/10), ARG1 (n = 9/10 and 10/10)
and IL-10Ra (n = 10/9 and 10/10 at the indicated time points) from whole tissue RNA
samples for indicated time points upon irradiation. Shown are mean values + SEM,
**P < 0.01, ***P < 0.001, by unpaired two-tailed t-test (A) or by two-way ANOVA

followed by Sidak’s multiple comparisons test (B-D).
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Figure 6
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RT induced pattern of hyaluronic signaling induction varies between WT and
CD73" mice. C57BL/6 or CD73" mice received 0 or 15 Gy WTI and were sacrificed
at indicated time points and lung tissue was dissected. (A) Shown are representative
IHC stainings with hyaluronan binding protein (HABP) of 0 Gy or 15 Gy irradiated WT
and CD73 knockout animals at the indicated time points. (B) QPCR analyses for
Has1 and Has2 from whole tissue RNA samples at the indicated time points after
irradiation. Shown are 2 technical replicates from pooled samples per time point as

Avalues from 15 Gy value compared to 0 Gy value (shown as mean = SD). (C)

QPCR analyses for Has3 (n = 10/9/6/6; 7/8/9/10; 7/8/10/10), CD44 (n = 10/9/6/6;
7/7/8/10; 8/8/10/10) and RHAMM (n = 10/9/6/6; 7/8/9/10; 8/8/10/10) from whole

tissue RNA samples at the indicated time points after irradiation (shown as mean +
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SEM)). *P < 0.05, **P < 0.01, **P < 0.001, ****P < 0.0001, by two-way ANOVA

followed by Sidak’s multiple comparisons test.
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4 Discussion

In the present PhD project, new findings on the contribution of innate and adaptive
immune cells as well as the purinergic and hyaluronic system to radiation-induced
pneumopathy in a murine model have been revealed. Irradiation of the thoracic region in
C57BL/6 wildtype mice led to an initial reduction of CD3" T cells in the lung as well as in the
spleen and cervical lymph nodes of the treated animals. While the levels of CD3* T cells
stayed reduced in spleen and lymph nodes, CD3* as well as CD4" T cell populations were
increased in the lung at 6 and 12 weeks post RT. Furthermore, our data showed for the first
time enhanced levels of immunosuppressive regulatory CD4*FoxP3" T cells (Treg) at 3 and
25-30 weeks after IR.

Enhanced expression of CD73 was not only found on T cells but also on alveolar
macrophages and CD45" cells within the lung tissue beyond the pneumonitic phase up to 30
weeks post IR. We showed for the first time, that the enzymatic product of CD73, adenosine,
accumulates in BAL as of week 16 in irradiated mice. Between 25 and 30 weeks after WTI,
the pro-fibrotic mediators OPN and TGFB were elevated and pronounced fibrosis was visible
in the lung tissue. Interestingly, genetically (use of CD73" mice) or pharmacological targeting
(with the monoclonal CD73 antibody TY/23) of CD73 or its product adenosine (with PEG-
ADA) resulted in reduced levels of BAL adenosine, reduced expression of OPN and TGF},
and attenuated fibrosis development.

Another difference we observed between wildtype and CD73” mice upon irradiation
was the formation of organized macrophage clusters in the fibrotic tissue, which was
restricted to wildtype animals. The formation of organized macrophage clusters in a murine
model of RILF was described for the first time in the present project. Characterization of the
macrophages from wildtype mice by flow cytometric and histologic approaches showed
enhanced expression of anti-inflammatory markers on alveolar macrophages. These cells
are presumably also the ones organized in clusters in the fibrotic lung tissue. In contrast, the
macrophages from CD73” mice failed to express anti-inflammatory markers during the
fibrotic phase, suggesting a connection between chronic enhanced levels of adenosine, the
upregulation of anti-inflammatory markers on alveolar macrophages, the formation of
organized macrophage clusters and fibrosis development.

The hyaluronic system was identified as an additional potential contributor to RILF
that was differentially regulated after irradiation of the whole thorax in CD73 wildtype and
knockout mice.

In the following, the findings of the project will be discussed in detail in the context of
newest research findings and conclusions regarding the underlying mechanisms of radiation-
induced pneumopathy will be drawn.
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4.1 The role of CD73 and adenosine

The purinergic signaling plays an important role in the orchestration of inflammation
and repair in the lung. CD39 and CD73 as well as their receptors are expressed on various
pulmonary cells including cells of the innate and adaptive immune system [33]. In response
to WTI, we found that CD73 was elevated on Treg and alveolar macrophages but also on
other cells of leukocyte and non-leukocyte origin. The expression and activity of CD73 in the
lung tissue raised time-dependently upon irradiation and led to high levels of extracellular
adenosine measured in the BAL fluid. Enhanced CD73 activity and high extracellular
adenosine concentrations were also observed in patients with asthma, COPD and IPF and
could also been shown for BLM-induced lung injury (i.t.) [67, 152]. After WTI, adenosine was
accumulating in the lung tissue before the detection of fibrotic lesions and foci, suggesting
that high extracellular adenosine levels triggers fibrosis development.

To prove the functional relevance of adenosine in our model we performed the
experiments also in CD73 deficient mice. In our chronic lung injury model the loss of
CD73/adenosine during the initial damage response upon lung injury protected mice from
RT-induced barrier dysfunction without affecting the infiltration of leukocytes. The inhibition of
chronic enhanced adenosine levels led to strongly reduced fibrosis development. This is in
contrast to earlier findings from the BLM i.t. model in CD73" mice, where BLM administration
led to enhanced inflammation and fibrosis development, indicating a protective role for
CD73/adenosine in this acute model of lung injury [152]. These conflicting data indicate
different roles for adenosine in acute versus chronic disease models as described later in
more detail.

Irradiation of CD73” mice led moreover to reduced expressions of the fibrotic
mediators OPN and TGFp, as well as the ECM molecules collagen and fibronectin in
contrast to irradiated wildtype mice. TGFpB is a well-known and studied pro-fibrotic mediator
and was shown to be upregulated initially after thorax irradiation of mice and during the
fibrotic phase [124]. Inhibition of TGFB resulted in attenuated fibrosis development in
irradiated mice and reduced levels of OPN compared to untreated controls [29, 39]. OPN
plays essential roles in the regulation of the recruitment and differentiation of fibroblasts and
myofibroblasts [74]. The genetic loss of OPN in mice resulted in reduced levels of collagen
type |, fibronectin and TGF [100]. Taken together the results indicate that the expression of
CD73 and chronic accumulating adenosine after WTI triggers the expression and secretion
of TGFB and OPN, which can mutually influence each other. Subsequently TGFB and OPN
trigger fibroblast recruitment, myofibroblast differentiation, EMT and secretion of ECM
molecules [154].

Moreover, we could show that treatment with PEG-ADA, to convert the extracellular
adenosine further to inosine, or use of the CD73 antibody TY/23, to inhibit the enzymatic
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conversion from AMP to adenosine, also effectively reduced fibrosis development and the
expression of fibronectin. These findings support the hypothesis that the chronic
accumulating adenosine, and not CD73 itself, is the main driver of RILF.

These data give new possibilities in the prevention of late adverse effects of radiation
treatment in the thoracic region. Of special interest is in this sense PEG-ADA as it is already
successfully used since years in the treatment of ADA deficiency in patients [42]. The
integration of CD73 antibodies into the clinics is another promising approach to widen the
therapeutic window of tumor treatment with radiation. It has been shown that various tumor
types express CD73 on their surface (reviewed in [1]). Like on Treg, CD73 expression on
tumor cells is also associated with immunosuppressive capacities, thereby helping the tumor
cells to escape the host immune system and in worst case reeducate the host immune cells
to support tumor growth and invasiveness [5, 136]. Consequently, the treatment of patients
with CD73 antibodies could help on the one hand, to protect from early and late adverse side
effects of irradiation as shown by us, and on the other hand, blocking CD73 on tumor cells
could potentially help to sensitize the immune cells to the tumor cells and increase their
eradication [53]. Furthermore, own preliminary data and data from other groups showed that
genetic loss of CD73 reduces the metastatic potential of tumor cells [135, 136, 168]. Patient
studies confirmed, that in metastatic tumors CD73 levels are increased [76].

Extracellular adenosine can either be transported via ENTSs into target cells, undergo
conversion into inosine or it can signal via four different adenosine receptors (for details see
section 1.4.1). Current knowledge about the role of the different receptors in fibrotic diseases
is mainly based on studies using BLM-induced lung injury models and ADA deficient mice.
Like already mentioned in the introduction the i.t. BLM model triggers acute injury whereas
the i.p. BLM and ADA” model cause chronic tissue injury and enhanced levels of adenosine
[23]. The project now reveals differences in the results obtained from acute and chronic injury
models. The i.t. BLM model in CD73" mice caused exaggerated lung inflammation and
fibrosis [152], whereas loss of CD73 in the radiation model protected from early damage and
reduced fibrosis establishment. The differential results from the acute and chronic disease
models of CD73" mice suggest also distinct contributions of the adenosine receptors in the
respective disease model. Therefore, the role of the adenosine receptors in the radiation-
induced lung injury model is under current investigation in our lab.

It was shown that a double knockout of ADA and ADORAT1 resulted in enhanced
inflammation and damage of the lung, thereby attributing anti-inflammatory functions to the
A1 receptor [141].

In a study with ADA and ADORA2A double knockout mice it was shown that deletion
of the A2A receptor resulted in elevated inflammation and chemokine expression in the
corresponding lungs [98]. Challenging ADORA2A knockout (ADORA2A™) mice with i.t. BLM
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resulted in a high mortality rate of the mice during the initial inflammatory phase, led to
elevated numbers of inflammatory cells in the BAL and enhanced tissue damage [130]. Both
studies suggest a protective role for adenosine signaling via ADORA2A upon acute and
chronic tissue damage.

The functions of adenosine signaling through the low affinity receptor ADORA2B are
reported to be controversial. As the receptor has a rather low affinity for adenosine it is
suggested that binding of adenosine to ADORA2B takes mainly place during chronic
inflammatory phases where long lasting high levels of adenosine exist [130]. ADORA2B
expression was shown to be enhanced in ADA” mice and pharmacological targeting of
ADORAZ2B resulted in reduced lung inflammation and fibrosis. Moreover, the expression of
the pro-fibrotic mediators TGFB and OPN was reduced [142]. Another study compared the
role of ADORA2B in acute and chronic lung injury BLM models. While genetic deficiency of
the ADORA2B in the BLM i.t. model led to an elevated acute lung injury and slightly
reduction of fibrosis development, ADORA2B” mice that were exposed to BLM by i.p.-
injections showed a mild inflammatory phase and a significant reduction in fibrosis
development [174]. On the other hand, pharmacological inhibition of ADORA2B in a BLM i.t.
model dampened levels of lung fibrosis and pulmonary inflammation, indicating that
adenosine had not only protective roles [142]. In conclusion, signaling via the ADORA2B
receptor seems to vary substantially between acute and chronic injury of the lung tissue.

Genetical or pharmacological targeting of the ADORA3 receptor in ADA” mice could
dampen pneumopathy, indicating a pro-inflammatory role for the A3 receptor in pathogenesis
[169]. In the acute injury model ADORA3 knockout (ADORA3") mice showed enhanced
inflammation after BLM administration. Although ADORA3 seems to have an anti-
inflammatory role during the acute injury no change in fibrosis development was observed
[101].

From what is known from chronic disease models it can be speculated that radiation-
induced pneumopathy might be exaggerated in ADORA1 and ADORA2A deficient mice. In
contrast ADORA2B or ADORAS deficiency might reduce disease development after WTI. In
line with this speculation, unpublished microarray data from irradiated versus non-irradiated
wildtype mice revealed elevated expression of ADORA3. Furthermore, preliminary
quantitative real-time PCR (QPCR) data from whole tissue RNA samples confirmed
enhanced levels of ADORAS3 but also slightly enhanced levels of ADORA2B. First data from
an own study with ADORA2A™ mice indicate that loss of ADORA2A leads to high numbers of
infiltrating immune cells to the lung tissue and a worsened fibrosis after WTI. Preliminary
histologic data of irradiated ADORA2B” mice indicate reduced fibrosis development
compared to wildtype mice, supporting our hypothesis and results from the chronic disease
models.
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4.2 The role of lymphocytes

WTI triggered an initial loss of T cells in the irradiated lung tissue but also
systemically in the spleen and Ilymph nodes. Subsequently, potentially through
cytokine/chemokine-induced recruitment by resident cells and activated innate immune cells,
CD4" T cells infiltrated into the lung tissue at 6 weeks post-irradiation. The infiltration of CD4*
T cells was also observed in patients with symptomatic pneumonitis and in other murine
studies [63, 105, 121]. It has been suggested that the early infiltration of T cells is linked to
late adverse side effects of WTI. In an experimental study with depletion of CD4" T cells in
rats early upon IR resulted in decreased fibrosis development, indicating a disease
promoting role for CD4+ T cells [107]. In contrast, previous data from our lab showed that the
absence of mature T and B cells in in RAG2" mice worsened fibrosis, indicating also
protective effects of lymphocytes in normal tissue toxicity [17, 157].

As the infiltration of CD4" T cells seemed to be a pathologic feature of radiation-
induced pneumonitis we characterized these cells in more detail. Treg are characterized by
their high CD25 expression and at least in mice, by the transcription factor Forkhead-Box-
Protein P3 (FoxP3). Treg are known to be immunosuppressive and execute important roles
in the regulation and dampening of inflammatory responses [126, 162]. We found elevated
levels of Treg 3 weeks upon IR in the lung but also in lymph nodes and spleen of irradiated
mice. The Treg seem to dampen the inflammatory response of CD4" effector cells at the very
early time point after irradiation resulting in a delayed onset of pneumonitis. Enhanced levels
of Treg were additionally found during the fibrotic phase 24 to 30 weeks post irradiation.

Besides TGFB and CTLA-4, the expression of CD73 on Treg is associated with their
immunosuppressive capacity [30, 109]. Furthermore, adenosine signaling via ADORA2A was
shown to drive Treg induction and proliferation, so that the elevated levels of Treg during the
pneumonitic and fibrotic phase might be due to high extracellular adenosine concentrations
[109]. As Treg can also be induced by TGFB [118], which is found initially after lung injury
and during the fibrotic phase, their appearance could be related to the pro-fibrotic mediator
TGFB [70, 72, 124]. Treg were shown to secrete TGFB, a mechanism by which they could
drive fibrotic actions [79, 80]. A recent study showed that the presence of Treg in a murine
model of BLM-induced lung injury aggravated lung fibrosis [8]. In a radiation-induced lung
injury model depletion of Tregs with an anti-CD25 antibody inhibited fibrocyte recruitment
and reduced fibrosis development [166].

Since we found elevated levels of B220* cells, presumably B lymphocytes, at 12
weeks after RT there might be an important role also for B cells in disease progression which
needs to be further addressed but was not investigated in the present project.

The data on T-lymphocytes strongly suggest important roles for effector T cells as
well as Treg in the pathology of radiation-induced pneumonitis and fibrosis. Therefore,
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studies to define their roles for radiation-induced pneumopathy are under current
investigation in our lab. Nevertheless, the focus of my project was the myeloid compartment
of immune cells and their impact especially on RILF.

4.3 The role of myeloid cells

It has been shown that WTI triggers the secretion of pro-inflammatory cytokines and
chemokines that lead to the infiltration of monocytes and macrophages in patients as well as
murine studies [17, 63, 85, 125]. Our present results confirm a repopulation of pulmonary
macrophages after a drastic reduction especially of alveolar macrophages initially after
radiation treatment. Moreover, during the pneumonitic phase lung macrophages showed
enhanced expression of the pro-inflammatory marker major histocompatibility complex class
Il (MHCII). As pulmonary macrophages are the first line of defense and one of their main
tasks upon damage is to phagocyte cell debris and apoptotic cells, it is more than reasonable
to find activation markers upregulated [12]. Interestingly, MHCII remained (slightly) enhanced
throughout the observed period up to 30 weeks in the irradiated wildtype mice, indicating a
chronically inflamed micromilieu upon thorax irradiation. In contrast to MHCII, the anti-
inflammatory marker macrophage mannose receptor (MMR) was elevated during the early
pneumonitic phase on alveolar macrophages and pulmonary macrophages, but exclusively
upregulated on alveolar macrophages during the fibrotic phase 25-30 weeks after IR. These
observations suggested an important role for the alveolar macrophages in orchestrating pro-
fibrotic actions. The presence of alternatively activated macrophages has already been
reported in patients with IPF and COPD [51, 173], in the model of i.t. BLM [62], and recently
also in RILF in mice [49, 171]. But so far the contribution of alternatively activated
macrophages, particularly to RILF, remains poorly understood.

Although our results show that total numbers of pulmonary macrophages were not
altered in late stages of pneumopathy upon irradiation, histological analysis revealed an
accumulation of lung macrophages in organized clusters. The organization of macrophages
into clusters has so far only been described in a rat model of i.t. BLM [70]. Interestingly, the
clustered macrophages expressed pro-fibrotic markers like TGFB and a-SMA as well as the
anti-inflammatory marker ARG1 but not the pro-inflammatory marker iNOS, corroborating our
flow cytometry data. As already mentioned in the introduction, the enzymes iINOS and ARG
compete for the same substrate (L-Arginine). Activity of ARG1 results in cell growth and
collagen synthesis [171]. Through the expression of TGFB and potentially further fibrotic
mediators, the clustered macrophages may participate in fibrosis development by mediating
recruitment and activation of fibroblasts and fibrocytes [165]. Taken together, the results
suggest that the organized macrophages in the fibrotic lung tissue consist mainly of alveolar

86



macrophages as those were the ones that upregulated MMR at late stages of the disease
and that they might contribute to fibrosis development.

As CD73" mice showed attenuated fibrosis development upon WTI and alveolar
macrophages showed enhanced expression of CD73 in wildtype mice 6-12 weeks after
irradiation we were curious about the phenotype of macrophages in the CD73” mice.
Interestingly, lung tissue analyses revealed that macrophages in CD73” mice were not
organized in clusters. Besides its enzymatic function, CD73 has been shown to be important
in lymphocyte binding to endothelial cells during extravasation as well as in the interaction
with ECM molecules like fibronectin [3, 131]. Therefore it could be discussed whether the
lack of macrophage clusters in CD73" mice might be due to reduced infiltration of
macrophages or an up to now not proved loss of cell-to-cell interaction. However, numbers of
pulmonary macrophages depicted by flow cytometry were not different from those of wildtype
mice (data not shown). Thus, the infiltration of macrophages in CD73" mice seems not to be
inhibited in our model. Nevertheless, we cannot exclude that CD73 itself might impact on
macrophage clustering, although also reduced numbers of macrophage clusters were also
found in TY/23 and PEG-ADA treated wildtype mice after WTI (data not shown).

Phenotype analysis of lung macrophages showed that MHCII was also upregulated in
CD73" mice upon irradiation. However, in CD73” mice the anti-inflammatory marker MMR
was only upregulated in alveolar macrophages initially upon WTI (3 weeks), but importantly
not during the fibrotic disease stages. These data suggest that adenosine might be an
important driver of alternative macrophage activation and organization into clusters. In line
with our finding, results from an in vitro study demonstrated that adenosine could promote
alternative macrophage polarization [28]. Since macrophages can recruit fibroblasts and
myofibroblasts, the main producers of fibrosis-associated ECM molecules like collagens and
fibronectins [73], prevention of the switch of the macrophage phenotype may be a promising
treatment strategy and is under current investigation in the lab.

Our data strongly suggest that the accumulation of extracellular adenosine impacts
either on the organization of macrophages into cluster, on their phenotype switch from pro- to
anti-inflammatory or to both processes. Up to now it is still unclear whether adenosine can
also in vivo directly act on the macrophages to manipulate their phenotype and the clustering
or whether adenosine exerts its function via action on other cells in the microenvironment. As
already mentioned above, adenosine is known to exert its functions through four different
adenosine receptors. Identifying and targeting the involved adenosine receptor(s) might
therefore be another option to attenuate pro-fibrotic actions of chronically accumulating
adenosine and is under current investigation in our lab.

From what has been discussed about adenosine receptors before it can be
suggested, that ADORA1 and ADORA2A deficient mice undergoing WTI show an enhanced
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pneumonitis, possibly leading to enhanced recruitment of macrophages and finally elevated
fibrosis development or earlier onset of fibrotic actions. In line with this, own preliminary data
indicate that loss of ADORAZ2A leads to high numbers of infiltrating immune cells to the lung
tissue and a worsened fibrosis. Furthermore, it can be speculated that targeting signaling of
adenosine via ADORA2B and ADORAS3 in our radiation-induced model of pneumopathy
might lead to mild pneumonitis and attenuated fibrosis development without the formation of
alternatively activated macrophage clusters. Indeed, preliminary histologic data of irradiated
ADORA2B™ mice indicate reduced fibrosis development compared to wildtype mice.

So far our studies with the adenosine receptor knockout mice are still ongoing and
lack the characterization of macrophages. But a recent study wherein mice, deficient for
ABORAZ2B on their myeloid cell compartment (Adora2B(f/f)-LysM(Cre)), were treated with
BLM i.p., resulted in reduced fibrosis development, improved lung functions and reduced
numbers of macrophages expressing alternative activation markers [66]. The study suggests
a direct action of adenosine on macrophages via ADORA2B that results in a phenotypic
switch of macrophages. Furthermore, the development of fibrosis is suggested to be linked to
macrophages and their phenotype. From those data ADORA2B seems to be a promising
candidate for the prevention of lung fibrosis development also in radiation-induced lung
disease.

But besides a direct action of adenosine on macrophages it is also possible that
adenosine triggers changes in the microenvironment that lead to the polarization of
macrophages towards an anti-inflammatory or pro-fibrotic phenotype. For example, the
expression of the mediators TGFB and OPN were reduced in irradiated CD73” mice
compared to irradiated WT mice. The actions of TGFB and OPN have already been
explained in the previous section. In summary, both are important pro-fibrotic mediators
regulating recruitment and differentiation of fibroblasts and myofibroblasts, driving EMT and
secretion of ECM molecules. These processes are all associated with fibrosis development.
Importantly TGFB was shown to drive alternative activation of bone-marrow derived
macrophages [46].

4.4 The role of hyaluronan

Our data suggest that the presence of adenosine affects the HA pathway, as we
could detect less HA in the lung tissue of CD73” mice and QPCR analyses showed
differential expression of HA synthases in response to irradiation. So far it remains unclear
whether this is a direct effect of adenosine or whether this is a secondary effect initiated by
e.g. TGFB or OPN and can for now only be speculated. Interestingly, we found a slight, but
time dependent upregulation of CD44 in the CD73 deficient animals. CD44 is not only the
receptor for HA but can also bind OPN which was dramatically reduced in CD73" compared
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to WT mice upon irradiation. The upregulation of CD44 might therefore be a response to low
levels of HA as well as OPN, a potential feedback loop mechanism. Has3 is described to
produce HA molecules of LMW that are known to act pro-inflammatory [58, 155]. Our results
showed an initial upregulation of Has3 in the WT mice, potentially as a mechanism to recruit
immune cells to the injury site as it has been shown that LMW HA induces the expression of
MIP-1a, MIP-1B8, RANTES (regulated on activation, normal T cell expressed and secreted)
and MCP-1 in alveolar macrophages [92]. At the same time point also the receptor RHAMM
was upregulated. RHAMM is essential for recruitment of macrophages upon stimulation with
LMW fragments [107, 127, 148]. Interestingly it has been shown that inhibition of RHAMM in
rats, that were challenged i.t. with BLM, reduced the number of recruited macrophages to the
lung tissue as well as fibrosis development [170]. These data indicate that the early
recruitment of macrophages after lung injury impacts on fibrosis development.

During the chronic accumulation of adenosine, no enhanced expression of Has3 was
found in wildtype animals, instead at later time points Has3 was upregulated in CD73" mice.
This observation was paralleled by the upregulation of RHAMM. It would be of interest to
follow up the CD73" mice longer than 30 weeks in terms of macrophage numbers, the
formation of macrophage clusters and their phenotype. It is postulated that signaling of
adenosine via ADORAZ2A, in the early response to damage, can inhibit the upregulation of
pro-inflammatory mediators (e.g. TNF-a) that are induced by LMW HA [130]. The same
group further showed, that upon chronic lung inflammation LMW HA could down-regulate the
expression of ADORA2A and that this regulation was CD44-dependent [26]. In a study with
ADA deficient mice, signaling of adenosine through ADORA2B was linked to an increased
expression of Has1 and Has2 [67]. In line with this observation, our data showed at 12 weeks
after RT reduced expression of Has1 and Has2 in irradiated CD73" mice compared to
irradiated wildtype mice. The data indicate a connection between accumulating extracellular
adenosine and the expression of HA synthases. In this regard our results strengthen the
hypothesis that the extracellular adenosine might, at least in parts, influence HA-dependent
processes. But these regulatory functions seem to be of high complexity and need further

investigations.
Finally, a schematic overview (depicted in Figure 5) will summarize my conclusion

regarding the underlying mechanisms of radiation-induced pneumopathy with respect to
CD73/adenosine, HA, macrophages and T-lymphocytes.
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Figure 5: Schematic conclusion. Irradiation of
the lung tissue leads to initial death, damage or
stress of the affected cells. Subsequently this
results in the release of DAMPs, cytokines and secretion of ECM molecules—

chemokines that recruit and activate innate and collagen, fibronectin

adaptive  immune cells like neutrophils,

macrophages and T cells. Some cells in the lung

tissue undergo delayed damage and cell death and chronic release of soluble mediators like ATP takes
place. Via CD39 and CD73 on the surface of various cells in the lung adenosine accumulates in the
extracellular space. Accumulating adenosine in the irradiated lung tissue can act on multiple targets. It can
either bind to adenosine receptors on the macrophages, T cells or to other lung cells. Signaling through e.g.
ADORA2B on macrophages might lead to alternative activation of macrophages. Whether cluster building is
necessary for alternative activation, alternative activation is necessary for cluster building or whether both
processes are independent of each other remains elusive. Signaling of adenosine via ADORA2A can induce
and activate Treg that are known to secrete TGFB. Signaling of adenosine via other pulmonary cells might
lead to changes in the micromilieu which could also drive alternative polarization of macrophages. The
alternative activated macrophages are known to drive a pro-fibrotic and anti-inflammatory micromilieu that
leads to the recruitment and activation of fibroblasts and fibrocytes, which are finally responsible for secretion
of ECM molecules and development of lung fibrosis. ADORA = adenosine receptor, Teff = T effector cells.

90



5 Summary and Outlook

Radiotherapy is an integral part of cancer treatment for patients suffering from a
neoplasm in the thoracic region. Unfortunately, life-threatening early and late side effects of
the healthy lung tissue limit the applied radiation dose thereby enhancing the risk of tumor
relapses. One goal of research is the widening of the therapeutic window by protection of the
normal tissue without protecting the tumor from irradiation or by sensitizing the tumor cells to
radiation-induced cell death without sensitizing the normal tissue. Taken together, the results
obtained during my PhD project provide new insights into normal tissue toxicity upon
irradiation within the thoracic region. The data suggest new treatment options for patients
receiving RT by immunomodulation or modulation of adenosine signaling.

WTI in wildtype mice led to an initial loss of alveolar macrophages and elevated
numbers of Treg at 3 weeks after IR. Fibrosis was detected 25-30 weeks after IR and was
accompanied by the appearance of alternatively activated macrophages, which were
organized in clusters, and increased numbers of Treg. Moreover, the data showed that
extracellular adenosine accumulated progressively after RT in the lung tissue, which could
be attributed to elevated CD73 activity. Targeting CD73 genetically (CD73") or
pharmacological (TY/23), or by reducing adenosine levels with PEG-ADA treatment led in all
cases to significantly reduced expression of fibrotic markers (OPN, TGF, fibronectin, a-
SMA) and fibrosis levels. Moreover, the loss of CD73 led to an altered organization and
phenotype of macrophages during the fibrotic phase. Alternatively activated macrophages
that were organized in clusters were not found in in CD73” mice. Furthermore, CD73” mice
showed a modified HA signaling, that has an impact on the recruitment of macrophages
upon tissue damage. In conclusion, the data indicate that Treg, high levels of extracellular
adenosine and alternatively activated and in clusters organized macrophages drive fibrosis
development after WTI. The organization and phenotypic switch of macrophages is
presumably triggered by high extracellular adenosine levels and potentially through HA
signaling.

Interestingly, alternatively activated macrophages share many characteristics with
tumor-associated macrophages that are known to drive tumor growth. Moreover, it has been
shown that various types of tumors highly express CD73/adenosine thus having the
capability to escape the immune system. Therefore, immunomodulation as well as the
modulation of adenosine signaling by inhibiting CD73 are good options for an optimal
widening of the therapeutic window in both directions, protection of the normal tissue and
sensitization of the tumor cells.

To gain a better insight into the underlying mechanism that trigger the phenotypic
switch of macrophages in wildtype mice and the role of alternative activated macrophages for
disease progression and development, several aspects can be addressed in the future. One
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interesting aspect is the targeting (genetic and pharmacologic) of the different adenosine
receptors to uncover whether signaling through one specific receptor triggers alternative
macrophage activation and fibrosis development. Moreover, a repolarization of the
macrophage phenotype to a more pro-inflammatory subtype might attenuate fibrosis
development. Treatment experiments with a macrophage inhibitor in our model of RILF are
still ongoing, but first preliminary results indicate attenuated fibrosis development in the
treated mice. Another option to interfere with the pathologic effects driven by organized and
alternatively activated macrophages offers the HA system. Preventing exaggerated
production of LMW HA fragments after initial damage or blocking of the HA receptor RHAMM
could reduce the number of recruited macrophages. On the other hand, enhanced production
of HMW HA molecules at the end of the pneumonitic phase could also be a critical step for
fibrosis development. Inhibition of HA syntheses and reduction of mRNA expression could be
addressed by treatment with 4-Methylumbelliferone [103].
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7 List of Abbreviations

ADA adenosine deaminase

ADA” ADA knockout

ADORA1 adenosine receptor 1

ADORA2A | adenosine receptor 2A

ADORA2A" | ADORA2A knockout

ADORA2B | adenosine receptor 2B

ADORA2B” | ADORAZ2B knockout

ADORAS3 adenosine receptor 3

ADORA3” | ADORAS3 knockout

ADP adenosine diphosphate

AMP adenosine monophosphate

ARGH1 arginase-1

ATP adenosine triphosphate

BAL(F) bronchoalveolar lavage (fluid)

BLM bleomycin

CCL-2 macrophage chemoattractant protein-1
CD39 ectonucleoside triphosphate diphosphohydrolase-1
CD73 ecto-5-nucleotidase

CD73" CD73 knockout

COPD chronic abstructive pulmonary disease
CSF-1 colony-stimulatin factor 1

DAMP danger associated molecule pattern
ECM extracellular matrix

EMT epithelial-mesenchymal transition
ENT equilibrative nucleoside transporter
FoxP3 forkhead-box-protein P3

HA hyaluronan

Has1-3 HA synthase 1-3

HMGBH1 high mobility group box 1 protein
HMW high molecular weight

HSP70 heat-shock protein 70

HYAL hyaluronidase

i.p. intraperitoneal

i.t. intratracheal

V. intravenous

IL-1 interleukin 1 (or any other number)
INF-y interferon-gamma

iINOS inducible nitric oxide synthase

IPF idiopathic pulmonary fibrosis

IR ionizing radiation

LMW low molecular weight

MCP-1 macrophage chemoattractant protein-1
M-CSF macrophage-colony stimulating factor
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MHCII major histocombatibility complex class Il

MIP-18/2 macrophage inflammatory protein-1beta/-2

MMR macrophage mannose receptor

NF-kB nuclear factor kappa-light-chain-enhancer of activated B
cells

NOS nitric oxide species

OPN osteopontin

PDGF platelet derived growth factor

PEG-ADA pegylated ADA

QPCR quantitative real-time PCR

RAG2 recombination activating gene 2

RANTES regulated on activation, normal T cell expressed and
secreted

RHAMM receptor for HA-mediated motility

RILF radiation-induced lung fibrosis

ROS reactive oxygen species

RT radiotherapy

TBI total body irradiation

TGFB transforming growth factor beta

TLR toll-like receptor

TNFa tumor necrosis factor alpha

WTI whole thorax irradiation

a-SMA alpha smooth muscle actin
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