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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 
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dose (15 Gray) of whole thorax irradiation triggered a progressive increase in CD73 activity in the 

lung between 3 and 30 weeks post-irradiation. In parallel, adenosine levels in bronchoalveolar 

lavage fluid (BALF) were increased by approximately three-fold. Histological evidence of lung 

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 (PEG-

ADA) or CD73 antibodies also significantly reduced radiation-induced lung fibrosis. Taken 

together, our findings demonstrate that CD73 potentiates radiation-induced lung fibrosis, 

suggesting that existing pharmacological strategies for modulating adenosine may be effective in 

limiting lung toxicities associated with the treatment of thoracic malignancies.
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 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 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 disorganization, pathologic remodeling and lung 

fibrosis (2, 4, 5). As a consequence, pneumonitis and pulmonary fibrosis develop within 12 

weeks and 6–24 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 function, 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 ectonucleoside 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 conversion 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 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 biological 
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functions aimed at maintaining 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 pro-

fibrotic 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.

 Methods

 Mice

C57BL/6 wild-type (WT; Charles River, Sulzfeld, Germany) 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 Tübingen and Essen. 

Experimental protocols were approved by the appropriate 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 

hemithorax, using a linear accelerator (4.7 Gy/min), or over their whole thorax (WTI) using 

a Cobalt-60 source (Phillips, Hamburg, Germany; 0.5 Gy/min) 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 post-irradiation by intraperitoneal injection with 100 µl PBS (solvent), 5 

Units of pegylated ADA (PEG-ADA) to catabolize adenosine (23), or 100 µg of anti-CD73 

mAb TY/23 to inhibit CD73 function (24).

Mice were sacrificed at 3, 6, 12, 16, 20, 24, or 25–30 weeks post-irradiation and blood 

serum, lung tissue, and/or bronchoalveolar 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 [14C]IMP converted to [14C]inosine that could be inhibited by the specific 

CD73 inhibitor adenosine 5′-(α,β-methylene)diphosphate (APCP, Sigma-Aldrich, Munich, 

Germany) as described previously (12, 25). CD73 activity was expressed as µmol 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, Montgomery, USA) according to manufacturer’s instructions 

(26).

 Quantification of apoptosis in BALF

Active caspase-3 in BALF was detected using Caspase-Glo 3/7 Kit (Promega, Mannheim, 

Germany) as described previously (26).
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 Nucleotide and nucleoside quantification

AMP and adenosine were measured in BALF by reverse-phase HPLC as previously 

described (27). For this, lungs were lavaged 4× with 0.3 ml of PBS with 10 µM 

dipyridamole, 10 µM APCP and 10 µM adenosine deaminase inhibitor 2'-deoxycoformycin 

(Sigma-Aldrich, Munich, Germany) to prevent adenosine 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 

µm slices.

 Frozen tissue—Lungs of euthanized mice were inflated with a 1:1 mixture of Tissue-

Tek® O.C.T.™ Compound (Sakura Finetek, Staufen, Germany) and PBS, isolated and 

placed in O.C.T. embedding medium, pre-cooled on dry ice, and stored at −80°C. Frozen 

tissue was cut into 7 µm cryosections.

 Caspase 3—Immunohistochemical staining of paraffin-embedded lung tissue was 

performed as described before (26) using an active caspase-3 antibody (New England 

Biolabs, Frankfurt am Main, Germany), anti-rabbit IgG, Streptavidin AP Complex ready to 

use, and Fast red staining (Roche, Penzberg, Germany).

 Osteopontin (SPP1, OPN), Collagen Type 1 (COL1A1, Col1a1)—Tissue slides 

were deparaffinised, rehydrated and steam boiled in citrate buffer pH 6. After blocking 

endogenous peroxidase with 3% H2O2, sections were blocked for 20 min with 2% fetal calf 

serum (osteopontin) or 2% normal goat serum (collagen) and subsequently incubated with 

anti-osteopontin (R&D Systems, Wiesbaden, Germany) or anti-collagen type 1 antibodies 

(Rockland Inc., Pottstown, USA) overnight at 4°C. Primary antibodies were detected by 

secondary antibodies linked to horseradish peroxidase and subsequent DAB staining.

 TGF-β (TGFB1), α-SMA (ACTA2)—Immunohistochemical staining of paraffin-

embedded lung tissue slides was performed using the Mouse on Mouse (M.O.M.™) 

ImmPRESS™ HRP (Peroxidase) Polymer Kit (Vector Laboratories, Burlingame, USA) 

according to the manufacturer’s instructions. Anti-transforming growth factor beta (TGF-β) 

(R&D Systems, Wiesbaden, Germany) and anti-smooth muscle actin (α-SMA) (Merck 

Millipore, Darmstadt, Germany) were used as mouse primary antibodies. ImmPACT™ VIP 

Peroxidase (HRP) Substrate Kit (Vector Laboratories) was used to detect TGF-β and α-SMA 

according to the manufacturer’s instructions. Stained sections were counterstained with 

hematoxylin.

 Fibrosis—Lung sections were stained with hematoxylin and eosin (H&E) or Masson´s 

Goldner Trichrome (MT) (Carl Roth Karlsruhe, Germany), and scored by three individuals 

blinded to the genotype and treatment group. Ten random, non-overlapping fields 

(magnification, ×200) of lung parenchyma from each specimen were photographed and lung 
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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 previously described (29). For a negative control, 5'-

AMP was replaced by non-hydrolyzable 5'-AMP. In other experiments the CD73 inhibitor 

APCP (Sigma Aldrich, Munich, Germany) was added.

 Quantitative real-time PCR

RNA was isolated using RNeasy Mini Kit (74106, Qiagen, Hilden, Germany) according to 

the manufacturer’s instructions. Expression levels were normalized to the reference gene (β-

actin; set as 1). Quantitative real-time PCR (qPCR) was carried out using specific 

oligonucleotide primers (β-Actin (Actb): fw, CCAGAGCAAGAGAGGTATCC; rev, 

CTGTGGTGGTGAAGCTGTAG; Fibronectin (Fn1): fw, 

GAAACCTGCTTCAGTGTGTCTG; rev, TTGAATTGCCACCATAAGTCTG; Osteopontin 

(Spp1): fw, ATCTCCTTGCGCCACAGAAT; rev, CTGCCCTTTCCGTTGTTGTC; TGF−β

−1 (Tgfb1): fw, ACCTGGGTTGGAAGTGGAT; rev, 

GAAGCGCCCGGGTTGTGTTGGTT) using qPCR MasterMix for SYBR® Assay ROX 

(SN2X-03T, Eurogentec, Cologne, Germany) according to the manufacturer’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 (FJK-16s) and/or anti-CD73 PECy7 (TY/11.8). Antibodies were obtained 

from BD Biosciences (Heidelberg, Germany), BioLegend (Fell, Germany) or eBioscience 

(Frankfurt, Germany). Flow cytometry was performed on a LSRII flow cytometer using 

FACS DIVA software (BD Bioscience, Heidelberg, Germany) and FlowJo (Tree Star, 

Ashland, USA).

 Statistics

Statistical analyses were performed using Prism 5.0 (GraphPad, La Jolla, USA). For 

normalization, sham control values were set to 100% and values for irradiated animals were 

displayed as % of sham controls. Student’s two-tailed unpaired t tests were used to compare 

differences between two groups. One-way ANOVA followed by Newman-Keuls multiple 

comparison tests were used to compare more than two groups. Two-way ANOVA with post-

hoc Bonferroni’s 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 up-regulation 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 release inorganic phosphate from 
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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 time points 

(Fig. 1A). In contrast, we observed a time-dependent increase in lead sulfide precipitation 

indicative of enhanced AMPase-activity in the lung tissue of mice exposed to WTI (Fig. 

1A). There was no non-specific nucleotidase activity as evidenced by a lack of 3′-AMP 

hydrolysis (Fig. 1A, right panels).

Next we examined whether up-regulation of CD73 expression was associated with increased 

generation of adenosine by comparing time-dependent changes in lung CD73 enzymatic 

activity and adenosine levels in the BALF of mice exposed to 0 or 15 Gy WTI. Irradiated 

mice displayed a time-dependent progressive increase in lung CD73 enzyme activity 

compared to sham controls culminating in a 3.7-fold rise by 25–30 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 up-regulation of CD73 triggers 

enhanced generation of adenosine. This started at 16 weeks post-irradiation 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 production after WTI (data not shown).

Although the first signs of matrix deposition were detectable at 20 weeks (but not at 16 

weeks) post-irradiation, histological signs of lung fibrosis became clearly visible in 

irradiated WT mice only at 24 to 30 weeks (Fig. 1D). These findings demonstrate that CD73 

activity increases prior to the development of lung fibrosis.

WTI led to an increase in the percentage of CD73+ lung cells and the level of CD73/cell 

compared to sham controls; Fig. 2A depicts a representative histogram of whole lung cells 

isolated 6 weeks post-irradiation. We observed an increase in CD45+ leukocytes in the lungs 

of WT mice at 12–24 weeks post-irradiation that was paralleled by a gradual increase in 

cells with CD73 surface expression reaching a maximum at weeks 25–30 post-irradiation 

(Fig. 2B, D). Instead, CD45− cells showed a temporary increase in the proportion of CD73+ 

cells at week 12 post-irradiation that was however associated with a transient drop in their 

number in lung tissue during this intermediate phase (Fig. 2C, E).

The above data suggested a contribution of CD45+ cells in radiation-induced CD73 up-

regulation. 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). 

While the percentages of CD73+CD4+ T cells were increased at most time points (Fig. 2F), 

the percentages of CD73+CD8+ T cells did not change (Fig. 2G). In contrast, the 

percentages of CD73+ alveolar macrophages were transiently increased at 6 and 12 weeks 

post-irradiation (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. 2J), and may thus be a major source of adenosine 

production from CD45+ cells during the fibrotic phase.
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 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 epithelial cells 3 weeks after hemithorax 

irradiation (26). To determine whether CD73 influences these early pathophysiologic 

alterations associated with radiation-induced lung disease, we compared albumin levels in 

the BALF of WT and CD73−/− mice 3 weeks post-irradiation. Albumin-leakage into the 

BALF was significantly reduced in CD73−/− mice compared to WT mice (Fig 3A), 

indicating that loss of CD73 provides partial protection from radiation-induced barrier 

dysfunction.

WTI 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 contribute to the more pronounced barrier 

function disturbance observed in WT mice.

In contrast, there were no significant differences in the percentages of CD45+ cells in the 

lungs of WT and CD73−/− mice after WTI (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.

 CD73−/− mice show reduced adenosine levels and lung fibrosis after WTI

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 adenosine levels in lungs of irradiated WT mice result indeed from CD73-mediated 

enzymatic conversion of AMP to adenosine.

To examine the role of CD73 in radiation-induced lung fibrosis, we next compared 

histological changes in WT and CD73−/− mice 30 weeks after WTI using hematoxylin and 

eosin (H&E)- and MT-stained lung sections (Fig. 4C, D). We observed slightly increased 

thickening of alveolar septa in non-irradiated CD73−/− mice perhaps due to higher levels of 

basal tissue inflammation; however, there was little collagen deposition visible in non-

irradiated WT or CD73−/− mice (Fig. 4D left panels). 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 severe lesions 

yielding a significantly lower Ashcroft score (Fig. 4C, D).
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To corroborate our findings we quantified the fibrosis-associated proteins fibronectin, 

collagen Type 1 (Col1a1) and α-SMA during the fibrotic phase. While WTI triggered a 

significant increase in fibronectin mRNA expression in WT mice, it enhanced fibronectin-

expression in CD73−/− mice to a lesser degree (Fig. 4E). Similarly, a significant 

accumulation of Col1a1 and α-SMA protein occurred only in lungs of irradiated WT mice, 

particularly in fibrotic areas. In contrast, only low levels of Col1a1 were detected in the lung 

sections of irradiated CD73−/− mice and α-SMA expression was hardly detectable except for 

vascular structures (Fig. 4F, G).

To strengthen the above observations we additionally analyzed the expression of the pro-

fibrotic cytokines osteopontin (OPN) and TGF-β, known to be associated with fibrosis 

development in patients (30, 31). WTI induced higher levels of OPN and TGF-β in paraffin-

embedded tissue sections of WT mice compared to CD73−/− mice at ≥ 25 weeks post-

irradiation, particularly in the fibrotic areas (Fig. 5A, B). These findings were confirmed by 

qPCR analysis of their expression levels in whole lung tissue (Fig. 5C, 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 fibrosis. In line with these observations 

CD73−/− mice also showed 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 significantly reduced weight gain at 30 weeks post-irradiation (108±6.5%) 

compared to 135%±18% for non-irradiated 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). Based on the kinetics of CD73 increase and adenosine accumulation (Fig. 1B, 

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, C). Even more important, PEG-ADA reduced the severity of 

radiation-induced lung fibrosis (represented by the Ashcroft Score) in all treated mice by 

almost 40% (P< 0.01) (Fig. 6D, E) and also significantly reduced fibronectin 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 expression and severity of radiation-induced lung fibrosis 

in all treated mice by more than 25% (P<0.05) (Fig. 6D, 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.
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 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 

irradiation, and show that CD73 and adenosine are new targets for therapeutic intervention. 

Thoracic irradiation triggered up-regulation of CD73 in lung tissue, progressive 

accumulation of adenosine in the BALF, increased expression of pro-fibrotic mediators such 

as OPN and TGF-β, and lung fibrosis. CD73−/− mice were protected from early damage to 

resident lung cells, the progressive increase of BALF adenosine, the accumulation of OPN 

and TGF-β, and exhibited attenuated lung fibrosis. Importantly, treatment with a CD73 

antibody or inhibition of adenosine accumulation with PEG-ADA beginning at 16 weeks 

post-irradiation significantly reduced the severity of radiation-induced fibrosis. We 

hypothesize that up-regulation of CD73 in response to thoracic irradiation leads to a 

sustained increase in pulmonary adenosine promoting 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 CCl4 and thioacetamide or bleomycin, respectively (33, 34). In contrast, acute 

bleomycin-induced pulmonary fibrosis was exacerbated in CD73−/− mice (18). Later work 

revealed that inhibition of the low affinity ADORA2B attenuates bleomycin-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 vs. 

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 3–6 

weeks that developed into chronic inflammation and progressed to fibrosis after 25–30 

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 pro-

fibrotic 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 inflammation and progressive airway 

remodeling (23, 38). Thus, the increased CD73 activity and pulmonary adenosine levels in 

irradiated WT mice likely amplify pro-fibrotic signaling. In other published studies, 

adenosine promoted progression of skin, liver and peritoneal fibrosis, mainly via the 

ADORA2A (36, 39), and fibrotic lung disease mainly by activation of the ADORA2B (35, 

40).

Interestingly, thorax irradiation triggered up-regulation 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 
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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, inflammation 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 pro-fibrotic 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 pro-fibrotic TGF-β, particularly in macrophages, 

and reduced TGF-β-dependent fibroblast activation (43). Therefore, the reduced TGF-β 

levels observed in irradiated CD73−/− mice may result from a missing adenosine/OPN-

amplification loop. However, TGF-β levels were not altered in OPN−/− ADA−/− mice 

suggesting that high adenosine levels are sufficient to induce TGF-β expression (40). Tregs 

may also contribute to TGF-β accumulation under pathological conditions (44). As TGF-β 

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 accumulation, 

high TGF-β levels, or both, and subsequently contribute to additional TGF-β secretion and 

CD73-dependent adenosine generation (14, 44). We therefore hypothesize that adenosine-

induced accumulation of TGF-β and Tregs provides a feed-forward mechanism for 

progressive accumulation of adenosine and TGF-β. Consistent with this concept, preliminary 

data indicate that irradiated CD73−/− mice do not accumulate Tregs during the fibrotic phase 

(unpublished observations).

As ADA-deficient mice can be rescued by enzyme replacement 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 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 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.
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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 

signaling that limit radiation-induced tissue damage and the resulting inflammation 

particularly during acute disease stages. For example, ADORA2A signaling via CD73-

generated adenosine may suppress inflammatory functions of the innate and adaptive 

immune systems, modulate angiogenesis and matrix-induced pro-inflammatory and pro-

fibrotic 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 

radiation-induced fibrosis remain to be explored.

Certainly, the tissue-, injury- and disease stage-dependent beneficial or adverse effects of 

adenosine demand further investigation 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). Nevertheless, 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 up-regulation of CD73 and CD39 in circulating 

immune cells of cancer patients and may thereby dampen anti-tumor immune responses 

(53). It is therefore likely that pharmacologic 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 pro-fibrotic adenosine signals.

Multiple approaches for pharmacologic modulation of adenosine levels exist and some 

(TY/23, APCP, PEG-ADA) have already been used successfully in preclinical models (17, 

32, 54) and PEG-ADA has been given to ADA-deficient patients for decades. Thus, there is 

every reason for optimism that targeting the CD73/adenosine pathway offers new strategies 

to limit lung toxicity during therapeutic whole-body or thorax irradiation.
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Figure 1. Radiation induces up-regulation 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 

post-irradiation. (A) CD73 histochemistry on lung frozen sections of irradiated and control 

mice using 5'-AMP or 5'-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 (n = 12/12, 9/9, 10/9, 5/4, 19/13 [0 Gy/15 Gy]). (C) Fold change of BALF adenosine 

levels (mean ± SEM) of irradiated vs. control mice. Means of control values were between 

41 and 149.5 nM (n = 9/10, 7/7, 10/9, 8/7, 20/11 [0 Gy/15 Gy]). *P ≤ 0.05, **P ≤ 0.01, ***P 
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≤ 0.001 by two-way ANOVA followed by post-hoc Bonferroni test. (D) Masson´s Goldner 

Trichrome (MT) and H&E staining of paraffin-embedded lung sections (scale bar = 100 

µm).
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Figure 2. Thoracic irradiation triggers time-dependent alterations in CD73 expression on 
resident cells and immune cells
C57BL/6 WT mice received 0 or 15 Gy WTI and were sacrificed at the indicated time points 

post-irradiation. Whole lung cell (WLC) CD45 and/or CD73 expression were analyzed by 

flow cytometry. (A) CD73 expression in WLC is shown in the black histogram. (B, C) 

Normalized percentages of CD45+ (B, n = 11/11, 16/16, 6/6, 6/5, 10/12) or CD45 (C, n = 

15/11, 16/16, 6/6, 6/5, 10/12) WLC. (D-H) Normalized percentages of CD45+, CD45, 

CD4+, CD8+ cells and alveolar macrophages (CD11chi autofluorescent (55)) with CD73 
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surface expression (D, n = 11/11, 16/16, 6/6, 6/5, 10/12; E, n = 11/11, 16/16, 6/6, 6/5, 9/11; 
F, G n = 7/7, 7/7, 14/14, 6/6, 15/15; H, n = 10/10, 8/8, 12/12, 6/4, 6/4). (I) Percentages of 

lung CD4+ regulatory T cells (FoxP3+) (n = 7/6, 11/11, 9/9, 7/7, 13/8) (mean ± SEM . *P ≤ 

0.05, **P ≤ 0.01, ****P ≤ 0.0001 by unpaired two-tailed t-test. (J) Gating strategy of CD4+ 

cells for CD73 and FoxP3+ expression evaluation.
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Figure 3. CD73−/− mice exhibit decreased early damage to resident cells but similar leukocyte 
recruitment in response to ionizing radiation
C57BL/6 WT and CD73−/− mice received 0 or 15 Gy hemithorax irradiation (A, B) or WTI 

(C, D). (A) Differences in BALF albumin levels of irradiated WT versus CD73−/− mice (Δ 

albumin) at 3 weeks post-irradiation by ELISA (n = 4/5). (B) Differences in BALF active 

caspase 3 of WT versus CD73−/− mice (Δ caspase 3) by luminescence [RLU] at 3 weeks 

post-irradiation (n = 3/3). (C) Active caspase 3 on paraffin-embedded lung sections (lower 

panels are a 2× enlargement of middle panels: upper & middle panels: scale bar = 100 µm; 

lower panels: scale bar = 50 µm). 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, 12/12/12/11, 6/4/6/5, 10/8/8/9 [WT 0 Gy/WT 15 Gy/CD73−/− 0 

Gy/CD73−/− 15 Gy]. Data show means ± SD (A, B) or means ± SEM (D). *P ≤ 0.05, **P ≤ 

0.01, ***P ≤ 0.001 by unpaired two-tailed t-test (A, B) or two-way ANOVA followed by 

post-hoc Bonferroni test (D).
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Figure 4. 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 post-

irradiation. Adenosine and AMP levels in BALF for (A) C57BL/6 WT and (B) CD73−/− 

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 µm). (E) qPCR 
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analysis of fibronectin expression normalized to actin (n = 9/10/7/8). Immunohistochemical 

stainings of paraffin-embedded lung sections for Collagen Type 1 (F) and α-SMA 

expression (G). Scale bar = 200 µm. Data show means ± SEM. *P ≤ 0.05, **P ≤ 0.01, ***P 
≤ 0.001 by two-way ANOVA followed by post-hoc Bonferroni test (A, B), one-way ANOVA 

followed by post-hoc Newman-Keuls test (C, E) or representative pictures (D, F, G).
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Figure 5. Genetic deficiency of CD73−/− prevents radiation-induced accumulation of the pro-
fibrotic markers osteopontin and TGF-β
WT and CD73−/− mice received 0 or 15 Gy WTI and were sacrificed at ≥25 weeks post IR. 

(A+B) Immunohistochemical staining of paraffin-embedded lung sections for osteopontin 

(A) or TGF-β expression (B). Scale bar = 200 µm. qPCR analysis for (C) osteopontin (n = 

7/7, 4/4) and (D) TGF-β (n = 14/11, 7/8) expression normalized to actin. Shown are means ± 

SD (CD73−/−) or SEM (WT). **P ≤ 0.01, ****P ≤ 0.0001 by one-way ANOVA followed by 

post-hoc Newman-Keuls test.
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Figure 6. PEG-ADA or mAb TY/23 reduce radiation-induced lung fibrosis
C57BL/6 mice irradiated with 0 Gy or 15 Gy WTI were treated with PBS, PEG-ADA (5 

units) or mAb TY/23 (100 µg) twice weekly i.p. beginning at week 16. (A) Schematic 

depiction of the experimental setup. (B) Adenosine levels [nM] in BALF from WT mice at 

25 weeks post-irradiation ± treatment with PEG-ADA (n = 6/6, 5/6). (C) CD73 enzyme 

activity in lungs of WT mice 25 weeks post-irradiation ± treatment with PEG-ADA or 

TY/23 (n = 9/9, 8/9, 3/6). (D) Ashcroft scores of WT mice ± PEG-ADA or TY/23 at 25 

weeks post-irradiation (n = 7/7, 7/6, 3/5). Horizontal lines represent means. (E) MT or H&E 
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stained lung sections from WT mice with PBS, PEG-ADA or TY/23 treatment at ≥ 25 weeks 

post irradiation. Asterisks emphasize thickening of alveolar wall structures and arrowheads 

fibrotic regions (scale bar = 100 µm). (F) qPCR analysis of fibronectin expression 

normalized to actin (n = 8/9, 7/9, 3/6) at ≥ 25 weeks post irradiation (mean ± SEM, B-D, F). 

*P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001 by one-way ANOVA followed by 

post-hoc Newman-Keuls test (B, C, D, F).
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