
 

 

 University of Groningen

Radiation-induced cardiopulmonary dysfunction
van der Veen, Sjoerdtje Johanna

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2016

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
van der Veen, S. J. (2016). Radiation-induced cardiopulmonary dysfunction: Pathophysiology &
Intervention strategies. [Thesis fully internal (DIV), University of Groningen]. Rijksuniversiteit Groningen.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://research.rug.nl/en/publications/8d272ca4-9fbb-4b04-a6a8-d71aa1b12915


Sonja J. van der Veen, M.D., 1,2 Francois Paris, Ph.D., 3 Nolwenn Dubois,
 3 Ghazaleh Ghobadi, Ph.D., 1,2# Reza Fardid, Ph.D., 1* Hette Faber,1,2 Sytze 

Brandenburg, Ph.D.,4 Johannes A. Langendijk, M.D., Ph.D.,2 Peter van Luijk, 
Ph.D.,2 Robert P. Coppes, Ph.D.,1, 2 

1Department of Cell Biology, 2Department of Radiation Oncology, 4KVI-Center for Advanced 
Radiation Research, University of Groningen, Groningen, the Netherlands. 

3Cancer Research Center, INSERM UMR892, Nantes, France.

# Current address: Department of Radiation Oncology, the Netherlands Cancer 
Institute, Antoni van Leeuwenhoek Hospital, Amsterdam, the Netherlands.

* Current address: Department of Radiology, Faculty of Paramedical Sciences, 
Shiraz University of Medical Sciences, Shiraz, Iran.

EARLY ENDOTHELIAL CELL LOSS IN 
RADIATION-INDUCED LUNG DYSFUNCTION

CHAPTER 05



  Summary 
 
Recent studies suggested that radiation-induced lung dysfunction is initiated by acute 
endothelial cell loss subsequently leading to vascular remodelling and pulmonary 
hypertension in a pre-clinical rat model 1. Here we show that endothelial cell loss seems to 
occur at 8 hours and 2 weeks after irradiation and that acute apoptosis might play an 
initiating role leading to a cascade of further endothelial cell loss. Preliminary results 
indicate that transplantation with endothelial progenitor cells at these early time-points 
after irradiation may repair/replenish damaged endothelial cells possibly reducing the 
development of radiation-induced lung dysfunction. Successful prevention of radiation-
induced lung dysfunction may open avenues for further clinical use to improve quality of 
life of the patient and allowing tumour-dose escalation and potentially increasing survival.  

 

Introduction 
 
The efficacy of radiation treatment for thoracic tumours is limited by potentially life-
threatening radiation-induced lung dysfunction (RILD) 2,3. In stage III NSCLC patients even 
the most advanced radiotherapy techniques still result in a poor survival with 20% of the 
patients developing RILD 4. Traditionally, RILD is divided into an early inflammatory phase 
known as “radiation pneumonitis” occurring around 1 to 6 months after irradiation and a 
subsequent fibroproductive phase often referred to as “lung fibrosis” occurring after 6 
months. Irradiation of a limited sub-volume of the lung generally does not lead to clinically 
relevant pulmonary complications 5-7. This allows for dose escalation for patients with less 
advanced tumours improving cure rates, such as in early stage lung cancer 5. However, 
treatment of more advanced tumours is more challenging and due to the larger irradiated 
lung volumes still prohibits dose escalation in many cases.  
Recently, we showed in a preclinical rat model that vascular damage could initiate 
pulmonary complications after irradiation of larger lung volumes 1,8. Pulmonary endothelial 
cell (EC) loss and consequential perivascular edema induced volume-dependent vascular 
remodelling 1. Subsequently, this caused pulmonary hypertension and right ventricle 
hypertrophy of the heart. Vascular damage preceded alveolar inflammation and occurred 
at lower doses. Moreover, the consequential increase in mean pulmonary artery pressure 
correlated strongly with respiratory rate1. This indicates that early RILD after larger volume 
irradiation in this rat model may be determined by pulmonary vascular remodelling 
resulting from acute pulmonary EC loss.  
The importance of acute EC loss in the development of radiation-induced normal tissue 
damage has been established for other tissues such as intestine, spinal cord and rectum 9-

11. It was also demonstrated that irradiated ECs induce migration and proliferation of 
vascular smooth muscle cells, one of the most prominent features of vascular remodelling 
in our rat model for lung toxicity 9. Since ECs are important targets of radiation in different 
organs 9-11, they may have a pivotal role in the development of early radiation-induced lung 
morbidity too.  
As such, stem cell therapy for RILD could be considered. Under homeostatic conditions 
bone marrow derived non-hematopoietic stem cells, such as endothelial progenitor cells 
(EPCs), fibrocytes and mesenchymal stem cells (MSCs) circulate in the blood and contribute 
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to repair of tissues such as lung in response to damage 12. Circulating EPCS are especially 
considered to be involved in the repair and regeneration of damaged blood vessels 
throughout the body. Considering the pivotal role for EC loss, a cell-based therapy using 
EPCs may be an attractive option in the treatment of RILD.  
In the present study, first we studied radiation-induced pulmonary EC loss in more detail by 
investigating EC loss at early time-points after irradiation and studying the role of apoptosis 
in initiating EC loss. Next, we investigated the potential of EPC transplantation to 
ameliorate early RILD.  
 

Material  and Methods 
 
Animals  
Adult male albino Wistar rats (n=3-7 per group, 270-320 g) of the Hsd/Cpb:WU strain, 
bread in a specific pathogen free colony (Harlan-CPB, Rijswijk, The Netherlands) were used 
in the experiments. They were housed five to a cage under a 12 h light - 12 h dark cycle and 
fed rodent chow (RMH-B, Hope Farms, Woerden, The Netherlands) and water ad libitum. 
The experiments were performed in agreement with the Netherlands Experiments on 
Animals Act (1977) and the European Convention for the Protection of Vertebrate Animals 
Used for Experimental Purposes (Strasbourg, 18.III.1986). 

 
Irradiation procedure 
The animals used in the experiments were either irradiated with protons or photons. We 
started performing our experiments with proton irradiation, which enabled us to irradiate 
different subvolumes of the lung in a more accurate way then with photon irradiation. 
Later on we switched to photon irradiation due to practical and logistic reasons but also 
since the goal of our experiments changed. In our previous experiments using protons we 
studied the response after irradiation of different subvolumes of rat lungs, in the 
experiments using photons we studied lung morphology and performed intervention 
studies needing less accurate irradiation.   

 
Proton irradiation: The rats were anesthetized with an i.p. injection of xylazine (Rompun; 
Bayer, Leverkusen, Germany) plus S-ketamine (Ketalar; Pfizer, Capelle aan de IJssel, The 
Netherlands) and placed in a holder hanging on a positioning rod by their upper incisors 13 
for irradiation. The use of 150-MeV protons in a fixed beam line facilitated the irradiation 
of subvolumes of the lung with sharply demarcated (20–80% penumbra of approximately 1 
mm) radiation fields 14,15. Radiation portals were designed using planning CT images of 5 
age-matched rats, as described previously 13,16. Using protons, 50% of the lung was 
irradiated to 20 Gy with a single fraction (Fig. 1). Control animals were anaesthetized and 
sham irradiated.  

 
Photon irradiation: Using an orthovoltage X-ray machine operated at 200 kV and 15 mA the 
lungs of the animals were irradiated from two parallel opposing anterior/posterior-anterior 
irradiation fields 16. Two separate positioning holders were needed for the anterior-
posterior and subsequent posterior-anterior irradiations in a single treatment session. Rat 

lungs were irradiated with a volume of 50% and 100% to respectively 22 Gy and 13 Gy with 
a single fraction of photons (Fig. 1).  
 

 
 
 
F igure 1:  Overview of irradiation portals  used. Rat 
lungs were irradiated to a volume of 50% with protons (20 
Gy) or photons (22 Gy) or to a volume of 100% using 
photons (13 Gy).  
 

 
 
Histologic examinations 
Histologic examination was performed at 4, 6, 8, 12, 24 hours, 3 days, 1 week, 2 weeks and 
8 weeks after radiation.  
The tissue was collected as published previously 16,17. Briefly, the animals were heparinized 
while the heart was still beating. After opening the thoracic cavity both pulmonary and 
systemic circulation were perfused in situ via the right ventricle and liver incision with PBS 
(pH 7.3). Subsequently the lungs were removed, of the proton irradiated animals the right 
cranial lobe was tied and 1 mm3 sections of irradiated (lateral part) and non-irradiated 
(medial part) were collected and frozen in liquid nitrogen for mRNA analysis. See 
supplementary figure S1 for an overview of how the lung parts were collected. The rest of 
the lung was intratracheally infused with 4% formaldehyde in PBS (pH 7.3). The trachea 
was tied and the entire specimen was immersed in 4% buffered formaldehyde for 
overnight fixation. A clear margin between the irradiated and shielded tissues was visible 
macroscopically, conforming the shape of the irradiation portal. Lung tissue samples were 
taken from both inside and outside the radiation field, with sufficient margins to ensure 
that the tissue was either irradiated (‘‘in-field’’; i.e., tissue receives more than 97% of the 
prescribed dose) or shielded (‘‘out-of-field’’; tissue receives less than 7% of the prescribed 
dose) 14,15, and embedded in paraffin. 
Of the rats irradiated with photons the right cranial lobe was tied and frozen sections of 1 
mm3 of the irradiated (lateral part) and the non-irradiated part (medial) were collected for 
mRNA analysis (see Supplementary Figure S1). The rest of the lung was inflated with 
TissueTec and frozen in liquid nitrogen.  
Paraffin sections of 5 µm containing standardized samples of irradiated or non-irradiated 
lung tissue were stained and examined by light microscopy. A specific rat endothelial cell 
staining (HIS52) was used to analyse endothelial cell loss. A TUNEL (TdT-mediated dUTP 
Nick-End Labelling) assay (Promega) was performed to assess apoptotic ECs.  
Frozen lung sections (5-25 µm)  of irradiated (lateral part of left lung and lateral parts of 
the right median and caudal lobe, Supplementary figure S1) and non-irradiated (accessory 
lobe, Fig. S1) were stained and examined by fluorescence microscopy. A TUNEL assay was 
used to assess and quantify EC apoptosis in the lungs. 
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Quantitative polymerase chain reaction (QPCR)  
Total RNA was extracted from the lung tissue using the Stratagene Absolutely RNA  
Miniprep kit and cDNA was generated subsequently using the M-MLV Reverse 
Transcriptase kit (Invitrogen) according to the manufacturers’ protocols. Biorad IQTM 
SYBR@ Green Supermix was used to perform amplifications in a Bio-Rad IQ iCycler machine 
as described by the manufacturer. Based on the protocol, the following conditions of QPCR 
were used: 2 minutes at 95ºC for the initial denaturation, 40 cycles of denaturation for 30 
seconds at 95ºC, annealing for 30 seconds at 60ºC, extension for 30 seconds at 72ºC. The 
following primers were used to amplify SMDP1: 5’-GAACACCATCACAGACCTC and 5’-
GGAAGCCATTGACAGGAG. The mRNA levels were normalized using B2M primers with the 
sequences: 5’-GAAGGAGCCCAAAACCGT and 5’- ATTAGAAACCGGATCTGGAGTT. Target 
genes were quantified relative to the reference gene using the mathematical model 
described by Pfaffl et al. 18. 
 
Ceramide quantification  
Lipids were extracted from frozen lung tissue samples with chloroform/methanol as 
described by Van der Vusse et al. 19 . The samples were pulverized and immediately 
transferred to tubes containing methanol at −21 °C. Methanol contained butylated 
hydroxytoluene as an antioxidant (30 mg/100 mL, Sigma, St Louis, MO, USA). Ceramide was 
isolated by means of thin-layer chromatography as described previously 20. To isolate 
ceramide, the plates were first developed to one-third of the total length with a solvent 
composed of chloroform–methanol-25% NH3 (20 : 5 : 0.2, v/v/v) dried and 
rechromatographed using a solvent composed of heptane–isopropyl ether–acetic acid 
(60 : 40 : 3, v/v/v). Standards of ceramide (Sigma) were run along with the appropriate 
samples. The lipid bands were visualized under ultraviolet light after being sprayed with a 
0.5% solution of 3�7�-dichlorofluorescein in absolute methanol. The gel bands containing 
ceramide were scrapped off the plate and transferred into screw tubes containing 
methylpentadecanoic acid (Sigma) as an internal standard. Fatty acids were 
transmethylated along with the gel in the presence of 14% boron fluoride in methanol at 
100 °C for 90 min 21. The resulting methyl esters were analysed by gas-liquid 
chromatography using a Hewlett-Packard 5890 Series II and a fused Hp-INNOWax (50 m) 
capillary column (Aligent Technologies, Palo Alto, CA, USA). The individual fatty acid methyl 
esters were quantified using the area corresponding to the internal standards (Sigma). The 
recovery rate of fatty acids was 91.5 ± 7.2%. 

 
EPC culturing and characterization 
EPCs were isolated from rat bone marrow 22. After flushing the tibia and femur of inbred 
male Wistar Kyoto rats mononuclear cells were isolated by density gradient centrifugation 
at 400 g for 30 minutes. Isolated cells were seeded on fibronectin-coated culture flasks and 
maintained in Dulbecco modified Eagle medium (DMEM) containing 20% fetal bovine 
serum. After 4 days in culture, non-adherent cells were removed by washing with PBS, and 
new medium was applied thereafter. At day 7 of culture, the adherent cells were harvested 
by trypsinization for analysis or transplantation. Early EPCs were recognized as attached 
spindle-shaped cells (Fig. 4A). Characterization was performed by examining endocytosis of 
acetyl-LDL and surface expression of isolectin and examined using fluorescence confocal 

microscopy with absorption wavelengths at 555 nm (acetyl-LDL) and 495 nm (isolectin) 
(Fig. 4B).  

 
EPC labelling 
To allow detection of donor cells, cells were stained with PKH-26, a fluorescent dye that 
incorporates in the cell membrane.  The experimental procedures were conducted 
according to the protocol included in the dye kit (Sigma Aldrich). The presence of donor 
EPCs in the pulmonary vasculature was detected by fluorescence microscopy (Fig. 4C). 
 
EPC transplantation 
The rats were transplanted twice, at 8 hours after irradiation and at 2 weeks after 
irradiation. The rats were anesthetized and orally intubated with a sterile plastic catheter. 
The sham group was given 0.2 ml PBS at both time points by slowly infusion via the right 
jugular vein. The EPC transplantation group was given 0.6-1.0 x 10e6 cells in 0.2 ml 
PBS/BSA 0.2% at 8 hours after irradiation and 0.5 x 10e6 cells in 0.2 ml PBS/BSA 0.2% at 2 
weeks after irradiation by slowly infusion via the right jugular vein. At 8 weeks after 
irradiation, all rats were sacrificed and lung tissues were collected.  
 
BR measurements 
To assess response of pulmonary function to radiation, the breathing rate (BR) was 
measured before and every week after the irradiations up to week 8, as previously 
described 14,16. 
After two training sessions, a breathing rate (BR) at rest was recorded for each rat, which 
took place less than a week before irradiation. As described earlier 23,24, an unrestrained 
animal was placed in a 1500 ml airtight but transparent tube of a whole-body 
plethysmograph connected to a pressure transducer. The frequency of pressure changes 
inside the tube was recorded and displayed on a calibrated chart as breaths per minute 
(bpm). A mean BR of an animal was then calculated from minimum of 4 steady regions of 
the recording lasting ≥ 15 seconds. If the measurement required more than 5 minutes to 
obtain, the animal was let out of the tube and rested to prevent anxiety as well as drop of 
oxygen inside the tube. A mean BR of a dose group (bpm) with its standard error (SEM) was 
calculated from the means of individual animals at each time point. The increase of BR, 
relative to the mean BR in weeks 0–2 after irradiation, was used as an indicator of loss of 
pulmonary function. The animals were sacrificed at the end of the experiment at 8 weeks 
or earlier when they suffered severe pulmonary toxicity.  

 
Statistical analysis 
The one-way ANOVA with the post hoc Bonferroni test was used to analyse differences in 
EC apoptosis, mRNA levels of the SMDP-1 gene and ceramide levels at different time-points 
after irradiation. The students T-test was used to analyse differences in breathing rate 
increase of EPC transplanted rats after irradiation.  The values of p<0.05 were considered 
significant. 
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Statistical analysis 
The one-way ANOVA with the post hoc Bonferroni test was used to analyse differences in 
EC apoptosis, mRNA levels of the SMDP-1 gene and ceramide levels at different time-points 
after irradiation. The students T-test was used to analyse differences in breathing rate 
increase of EPC transplanted rats after irradiation.  The values of p<0.05 were considered 
significant. 
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Results  
 
Early  endothel ia l  cel l  loss  
To investigate early radiation-induced EC loss, proton-irradiated rat lung tissues were 
analysed at early time points after irradiation of 50% lung volume to a dose of 20 Gy. A 
specific rat EC staining (HIS52) was used to study EC loss at early time-points after 
irradiation. Figure 2 shows representative pictures of pulmonary vessels at the different 
time-points after irradiation. Figure 2A shows a vessel of an unirradiated animal containing 
a continuous brown staining of ECs indicating that the unirradiated animals have a 
continuous layer of pulmonary ECs. No change was observed at 4 hours after irradiation 
(Fig. 2B), but at 8 hours discontinuity of the EC layer appears (Fig. 2C). Interestingly, at 12 
hours (Fig. 2D), 24 hours (Fig. 2E), 3 days (Fig. 2F) and 1 week after irradiation (Fig. 2G) a 
continuous layer of ECs was observed possibly indicating EC repair. However, at 2 weeks 
after irradiation (Fig. 2H) again a discontinuity/disruption of the EC lining is present possibly 
indicating a second phase of EC loss. At 8 weeks after irradiation (Fig. 2I) the vessels have a 
continuous layer of ECs but clearly show features of vascular remodelling as published 
previously 1.  
 

 
F igure 2:  Early 
pulmonary EC loss 
after 50% lung 
irradiation. A specific rat 
EC staining (HIS52) was 
used to study EC loss at 
early time-points after 
irradiation. Figure 2A shows 
that the unirradiated 
animals have a continuous 
layer of pulmonary ECs. 
Four hours after irradiation 
(B) the EC layer still has a 
continuous appearance 
while 8 hours after 
irradiation a discontinuity 
appears. Twelve hours (D), 
24 hours (E) 3 days (D), and 
1 week after irradiation (G) 
the EC layer is continuous 
while t 2 weeks after 
irradiation (H) again a 
discontinuity/disruption of 
the EC lining is present. At 
eight weeks after irradiation 
(I) the vessels have a 
continuous layer of ECs but 
clearly show features of 
vascular remodelling. 

 
  

          Control                      4 hrs PI                       8 hrs PI 

      12 hrs PI                       24 hrs PI                    3 d PI 

      1 wk PI                       2 wk PI                       8 wk PI 

25 µm                 

A" C"B"

D" E"
F"

G" H" I"

200x 

Early  endothel ia l  cel l  apoptosis  
Next, we investigated if this early EC loss was due to acute radiation-induced apoptosis. 
First, we performed a TUNEL staining on the lung tissue to detect apoptotic cells in situ 
(Fig. 3A). Quantification of EC apoptosis showed an increase of apoptotic ECs in the 
irradiated lung tissue compared to non-irradiated rat lungs (Fig. 3B). At all early time-points 
after irradiation, i.e., 4 to 12 hours, around 1-1.5% apoptotic ECs were observed while the 
non-irradiated lung tissue showed around 0.1% apoptotic ECs. The slight increase of 
apoptotic ECs in the irradiated field was statistically significant compared to the increase 
observed in non-irradiated lungs. The percentage apoptotic cells outside of the irradiated 
field was not significantly increased compared to control (Fig. 3B). 
 

 
Figure 3:  Early radiation-induced pulmonary EC apoptosis.  A) A TUNEL staining shows apoptotic cells 
after irradiation. B) Quantification of EC apoptosis showed a significant increase of around 1-1.5% apoptotic ECs in 
the irradiated lung tissue. C) A significant increase of SMDP-1 mRNA was observed at 4 hours, 24 hours, 3 days, 2 
weeks and 8 weeks after irradiation in the out-of-field lung tissue. One week and 2 weeks after irradiation a 
significant increase was observed in the irradiated lung tissue. D) Quantification of the levels of the proapoptotic 
lipid ceramide did not show differences between tissues of irradiated animals versus non-irradiated control 
animals. *** p < 0.001, ** p < 0.01 compared with control.  
 
To get more insight into the cellular pathway leading to apoptosis we measured mRNA 
levels of the pro-apoptotic SMDP-1 gene 10 both in the irradiated lung tissue (InField), and 
in the out-of-field lung tissue (OutField) (Fig. 3C). From 4 hours until 2 weeks after 
irradiation gradually increasing mRNA levels of SMDP-1 were observed both in- and out-of-
field. In the irradiated field SMDP-1 mRNA expression was significantly elevated at 1 and 2 
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To get more insight into the cellular pathway leading to apoptosis we measured mRNA 
levels of the pro-apoptotic SMDP-1 gene 10 both in the irradiated lung tissue (InField), and 
in the out-of-field lung tissue (OutField) (Fig. 3C). From 4 hours until 2 weeks after 
irradiation gradually increasing mRNA levels of SMDP-1 were observed both in- and out-of-
field. In the irradiated field SMDP-1 mRNA expression was significantly elevated at 1 and 2 
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weeks after irradiation. In the non-irradiated field a significant increase was observed at 4 
hours, 24 hours, 3 days, 2 weeks and 8 weeks after irradiation. At 8 weeks post-irradiation 
the mRNA levels were lower compared to the earlier time-points, but still higher compared 
to non-irradiated lung tissue which may indicate that apoptotic ECs are lost at that time-
point.  
The pro-apoptotic gene SMDP-1 codes for acid sphingomyelinase which hydrolyses 
sphingomyelin to ceramide, a proapoptotic lipid 25.  As such, to further investigate the 
cellular pathway leading to apoptosis, we studied the level of ceramide in the lung tissue as 
shown in Figure 3C. In contrast to the increase of SMDP-1 levels, no differences between 
levels of ceramide were observed in lung tissue of non-irradiated animals versus irradiated 
animals.  
In summary, significant increases in apoptosis related parameters, but not ceramide, were 
observed in pulmonary ECs in the irradiated lungs at early time-points after irradiation.  

 
EPC culturing,  characterizat ion and visual izat ion 
So far, our data showed early EC loss after irradiation. Next, we investigated if early 
transplantation with endothelial progenitor cells (EPCs) could replenish the EC loss and 
consequently ameliorate RILD. EPCs could be cultured in endothelial growth medium (Fig. 
4A). Early EPCs were recognized as attached spindle-shaped cells. Characterization was 
performed by examining endocytosis of acetyl-LDL and surface expression of isolectin and 
examined using fluorescence confocal microscopy with absorption wavelengths at 555 nm 
(acetyl-LDL) and 495 nm (isolectin) (Fig. 4B). To test whether these cells engraft in the lung, 
we intravenously injected cultured rat EPCs labelled with the membrane dye PKH26 after 
irradiation. Thirty minutes after injection the rat was sacrificed and the lung tissue was 
analysed for presence of labelled EPCs by using fluorescence microscopy. Figure 4C shows 
that these cells are visible in the lung endothelium indicating engraftment to the lung after 
transplantation. As such, EPC transplantation was shown to be practically feasible and 
warrants further investigation in the use of amelioration of RILD. 

 
Effect  of  EPC transplantat ion on cardiopulmonary function 
To assess the effect of EPC transplantation on cardiopulmonary function, breathing rates of 
EPC- transplanted and control-animals (PBS-infused) were weekly analysed after irradiation 
(Fig. 5A). The animals were photon-irradiated with a lung volume of 50% and 100% 
(including the heart) to a dose of respectively 22 Gy and 13 Gy. EPC transplantation was 
performed at two time-points, 8 hours and 2 weeks after irradiation, corresponding with 
the time-points showing EC loss (Fig. 2). Breathing rates were analysed at 4, 5 and 6 weeks 
after irradiation. In the 50% lung irradiated group, no significant differences were observed 
between the breathing rates of EPC or PBS injected animals (Fig. 5B). In the 100% 
irradiated group, at 4 and 6 weeks post-irradiation the breathing rate increases of EPC 
transplanted animals were significantly lower compared to PBS-injected animals (Fig. 5C). 
These preliminary results indicate that EPC transplantation may be a potential therapy to 
reduce RILD. 

 

 

 
 
Figure 4:  Rat EPC culturing and characterization. A) Mononuclear cells were isolated from rat bone-
marrow and seeded on fibronectin-coated culture flasks and maintained in medium. After 4 days in culture, non-
adherent cells were removed by washing with PBS, and new medium was applied. The early EPCs were recognized 
as attached spindle-shaped cells. After 10-14 days colony forming appears. B)  Characterization of EPCs was 
performed by examining endocytosis of acetyl-LDL and surface expression of isolectin and examined using 
fluorescence microscopy. C) To test whether these cells engraft in the lung we intravenously injected cultured rat 
EPCs labelled with the membrane dye PKH26. Thirty minutes after irradiation these cells were clearly visible in the 
lung endothelium indicating rapid engraftment to the lung after transplantation.  
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Figure 5:  Pulmonary function after EPC transplantation in thoracic irradiated rats.  To assess the 
effect of EPC transplantation on cardiopulmonary function breathing rate measurements were performed weekly 
after transplantation of 50% lung irradiated animals with 22 Gy and 100% lung irradiated (including the heart) 
with 13 Gy (Fig. 5A). No significant differences were observed between the breathing rates of EPC or PBS injected 
animals in the 50% irradiated groups (Fig. 5B). In the 100% irradiated group, at 4 and 6 weeks post-irradiation the 
breathing rate increases of EPC transplanted animals were significantly lower compared to PBS-injected animals 
(Fig. 5C).  The grey line in figure A depicts the breathing rate of un-irradiated animals. * p < 0.05 comparison 
between PBS and EPC injected animals. Animals injected with PBS: n=2 per group. Animals injected with EPCs: n=3 
per group. 

 

Discussion  
 
In the present study we observed that pulmonary EC loss occurs hours after thoracic 
irradiation, at least in part via apoptosis. This acute EC loss might play an initiating role 
leading to a cascade of further EC loss. Preliminary results indicate that early 
transplantation with EPCs after irradiation may possibly reduce the development of RILD.  
Our study shows that pulmonary EC loss already occurs at 8 hours after lung irradiation. 
Even earlier, as soon as 4 hours after irradiation, an increase of the pro-apoptotic gene 
SMDP-1 and apoptosis prone ECs occurred, indicating that apoptosis might be triggered 
very early after irradiation. SMDP-1 codes for acid sphingomyelinase which hydrolyses 

sphingomyelin to ceramide, an important second messenger of the apoptosis pathway 25 
However, assessment of the level of ceramide in the irradiated lung tissue showed that the 
increased level of SMDP-1 did not correlate with increases of ceramide. An explanation for 
these findings may be the low level of apoptosis and /or the quick hydrolysis of ceramide to 
one of its metabolites (sphingosine, ceramide-1 phosphate, glucosyl ceramide).  
Since our results showed that the amount of apoptotic ECs only reaches around 1.5% of 
the total amount of the pulmonary ECs, apoptosis seems not to be the only cause of EC 
loss. Hypothetically, apoptotic ECs may lead to changes in vascular integrity. As previously 
shown to occur hours to days after radiation in pulmonary ECs, the loss of endothelium 
integrity due to EC retraction 26,27 results in an increased permeability to low molecular 
weight solutes 28,29. Early disruption of the endothelial lining with increased permeability 
and perivascular edema found in our and other studies 1,30,31 may decrease the blood flow 
in the irradiated vasculature. As a compensatory effect, the pressure, blood flow and 
thereby shear stress would increase in the vasculature damaging more ECs in both the 
irradiated parts of the lung as in the non-irradiated parts. This may also explain the 
elevation of the pro-apoptotic gene SMDP-1 in the out-of-field lung tissue.  
Moreover, radiation-induced EC damage/dysfunction may lead to changes in the 
pulmonary vascular pressure since ECs modulate the vascular tone by the release of 
constricting and relaxing factors, e.g. endothelin-1, nitric oxide, prostacyclin, and putative 
endothelium-derived hyperpolarizing factors 32. An imbalance between these factors due 
to EC damage/dysfunction may contribute to alterations in the vascular tone. This has been 
demonstrated in cardiopulmonary diseases, such as primary and secondary pulmonary 
hypertension, chronic obstructive lung disease, cardiopulmonary bypass, and congestive 
heart failure (28). Interestingly, an early increase of the pulmonary vascular pressure has 
been observed previously in sheep at 2 hours after thoracic irradiation (27) possibly due to 
before mentioned processes.  
The increased pressure and shear stress may induce a second phase of EC loss as observed 
at 2 weeks. Between these 2 phases a repair of the EC lining may have occurred e.g. by 
endogenous endothelial progenitor cells explaining the continuous layer between 8 hours 
and 2 weeks. The further loss of ECs due to pressure changes, blood flow and thereby 
shear stress may lead to vascular remodelling, increased pulmonary pressure and 
subsequent right ventricle hypertrophy 1. This very closely resembles pulmonary arterial 
hypertension (PAH), a disease where the elevated pulmonary vascular resistance leads to 
high right ventricle systolic pressure and subsequent right ventricular hypertrophy 
ultimately causing heart failure 33. It is known that EC loss and dysfunction plays a central 
role in the initiation of the pathogenesis of vascular remodelling and progression of PAH 34. 
Different factors are described leading to EC loss/dysfunction in this disease e.g. reactive 
oxygen species (ROS), genetic mutations, shear stress, autoimmunity, defects in Ang 1- Tie 
2- BMPR 1a-BMPR 2 signalling pathway and/or inflammation. Production of ROS and 
inflammation are also known pathologies after irradiation 35. EC dysfunction may then lead 
to EC proliferation, increased coagulability, production of cytokines/growth factors, a 
humeral imbalance and/or exposure of subendothelium to soluble growth factors. EC 
proliferation and increased coagulability may lead to vascular luminal obliteration. 
Altogether these phenomena lead to vasoconstriction, smooth muscle and adventitial 
hypertrophy and proliferation, the features of vascular remodelling and PH. 
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Acute vascular remodelling and increased mean pulmonary artery pressure have been 
observed after thoracic irradiation in rats 36,37, dogs 38 and sheep 39,40. Moreover, patients 
undergoing lung irradiation that are suffering from pre-existing pulmonary vascular 
disease, manifesting as sub-clinical increases in pulmonary arterial pressure, are known to 
have an increased risk for developing RILD 41. Altering apoptosis and proliferation rates of 
EC and smooth muscle cells may affect vascular remodelling, resulting in changes in blood 
flow that lead to shear stress, perpetuating the problem 42,43.  
Our preliminary results indicate EPC transplantation after thoracic irradiation may decrease 
RILD. Bone marrow-derived EPCs were shown to have a positive effect on pulmonary 
vascular hemodynamics in PAH 34,44. Therefore, the cascade of vascular remodelling and 
pulmonary hypertension may be reduced or could be compensated by EC replacement 
post-thoracic irradiation. Additionally, previous studies showed that EC formation in the 
irradiated lung could also be induced by mobilization of bone marrow derived EPCs 45,46.  
Further optimization of the transplantation may lead to better results. Next to that, two 
distinct subsets of EPCs could be transplanted: the early outgrowth EPCs and the late 
outgrowth EPCs, of which the former mostly promotes angiogenesis through paracrine 
effects and the latter forms vessels 47,48. Furthermore, a different amount of transplanted 
cells, different time points of transplantation or a more selected group of cells could lead 
to a better response.  
Currently, there is no consensus on the initial lesion in the radiation response of the lung, 
but based on more recent studies, it results from disruption of the balance and 
communication between various cell populations of the pulmonary parenchyma 3,49. As 
such, independently or secondary to the vascular remodelling all other cell types are also 
affected by irradiation. This makes it conceivable that a combination of transplanted cells 
could be capable of regenerating the tissue after a radiation insult. Successful recovery of 
RILD will open avenues for further clinical use, improvement of quality of life, allowing for 
tumour-dose escalation and potentially increasing survival. 
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Acute vascular remodelling and increased mean pulmonary artery pressure have been 
observed after thoracic irradiation in rats 36,37, dogs 38 and sheep 39,40. Moreover, patients 
undergoing lung irradiation that are suffering from pre-existing pulmonary vascular 
disease, manifesting as sub-clinical increases in pulmonary arterial pressure, are known to 
have an increased risk for developing RILD 41. Altering apoptosis and proliferation rates of 
EC and smooth muscle cells may affect vascular remodelling, resulting in changes in blood 
flow that lead to shear stress, perpetuating the problem 42,43.  
Our preliminary results indicate EPC transplantation after thoracic irradiation may decrease 
RILD. Bone marrow-derived EPCs were shown to have a positive effect on pulmonary 
vascular hemodynamics in PAH 34,44. Therefore, the cascade of vascular remodelling and 
pulmonary hypertension may be reduced or could be compensated by EC replacement 
post-thoracic irradiation. Additionally, previous studies showed that EC formation in the 
irradiated lung could also be induced by mobilization of bone marrow derived EPCs 45,46.  
Further optimization of the transplantation may lead to better results. Next to that, two 
distinct subsets of EPCs could be transplanted: the early outgrowth EPCs and the late 
outgrowth EPCs, of which the former mostly promotes angiogenesis through paracrine 
effects and the latter forms vessels 47,48. Furthermore, a different amount of transplanted 
cells, different time points of transplantation or a more selected group of cells could lead 
to a better response.  
Currently, there is no consensus on the initial lesion in the radiation response of the lung, 
but based on more recent studies, it results from disruption of the balance and 
communication between various cell populations of the pulmonary parenchyma 3,49. As 
such, independently or secondary to the vascular remodelling all other cell types are also 
affected by irradiation. This makes it conceivable that a combination of transplanted cells 
could be capable of regenerating the tissue after a radiation insult. Successful recovery of 
RILD will open avenues for further clinical use, improvement of quality of life, allowing for 
tumour-dose escalation and potentially increasing survival. 

 

Acknowledgments 
 
We gratefully thank the Dutch Cancer Society for their financial support (RUG-2007-3890). 
Further we wish to thank dr. The authors wish to thank prof. dr. J.L. Hillebrands of the 
department of Pathology and Medical Biology, UMCG, for providing the HIS52 staining. 
 

  

References 
 
1. Ghobadi G, Bartelds B, van der Veen SJ, et al. Lung irradiation induces pulmonary vascular remodelling 
resembling pulmonary arterial hypertension. Thorax. 2012;67(4):334-341. 
2. Mehta V. Radiation pneumonitis and pulmonary fibrosis in non-small-cell lung cancer: Pulmonary function, 
prediction, and prevention. Int J Radiat Oncol Biol Phys. 2005;63(1):5-24. 
3. Marks LB, Yu X, Vujaskovic Z, Small W,Jr, Folz R, Anscher MS. Radiation-induced lung injury. Semin Radiat Oncol. 
2003;13(3):333-345. 
4. Marks LB, Fan M, Clough R, et al. Radiation-induced pulmonary injury: Symptomatic versus subclinical 
endpoints. Int J Radiat Biol. 2000;76(4):469-475. 
5. Lagerwaard FJ, Verstegen NE, Haasbeek CJ, et al. Outcomes of stereotactic ablative radiotherapy in patients 
with potentially operable stage I non-small cell lung cancer. Int J Radiat Oncol Biol Phys. 2012;83(1):348-353. 
6. Senan S, Lagerwaard F. Stereotactic radiotherapy for stage I lung cancer: Current results and new 
developments. Cancer Radiother. 2010;14(2):115-118. 
7. Borst GR, Ishikawa M, Nijkamp J, et al. Radiation pneumonitis in patients treated for malignant pulmonary 
lesions with hypofractionated radiation therapy. Radiother Oncol. 2009;91(3):307-313. 
8. Coppes RP, Muijs CT, Faber H, et al. Volume-dependent expression of in-field and out-of-field effects in the 
proton-irradiated rat lung. Int J Radiat Oncol Biol Phys. 2011;81(1):262-269. 
9. Milliat F, Francois A, Isoir M, et al. Influence of endothelial cells on vascular smooth muscle cells phenotype 
after irradiation: Implication in radiation-induced vascular damages. Am J Pathol. 2006;169(4):1484-1495. 
10. Paris F, Fuks Z, Kang A, et al. Endothelial apoptosis as the primary lesion initiating intestinal radiation damage 
in mice. Science. 2001;293(5528):293-297. 
11. Li YQ, Chen P, Haimovitz-Friedman A, Reilly RM, Wong CS. Endothelial apoptosis initiates acute blood-brain 
barrier disruption after ionizing radiation. Cancer Res. 2003;63(18):5950-5956. 
12. Jones CP, Rankin SM. Bone marrow-derived stem cells and respiratory disease. Chest. 2011;140(1):205-211. 
13. van Luijk P, Novakova-Jiresova A, Faber H, et al. Radiation damage to the heart enhances early radiation-
induced lung function loss. Cancer Res. 2005;65(15):6509-6511. 
14. van Luijk P, Bijl HP, Coppes RP, et al. Techniques for precision irradiation of the lateral half of the rat cervical 
spinal cord using 150 MeV protons [corrected. Phys Med Biol. 2001;46(11):2857-2871. 
15. van Luijk P, van t'Veld AA, Zelle HD, Schippers JM. Collimator scatter and 2D dosimetry in small proton beams. 
Phys Med Biol. 2001;46(3):653-670. 
16. Novakova-Jiresova A, van Luijk P, van Goor H, Kampinga HH, Coppes RP. Pulmonary radiation injury: 
Identification of risk factors associated with regional hypersensitivity. Cancer Res. 2005;65(9):3568-3576. 
17. Novakova-Jiresova A, van Luijk P, van Goor H, Kampinga HH, Coppes RP. Changes in expression of injury after 
irradiation of increasing volumes in rat lung. Int J Radiat Oncol Biol Phys. 2007;67(5):1510-1518. 
18. Pfaffl MW. A new mathematical model for relative quantification in real-time RT-PCR. Nucleic Acids Res. 
2001;29(9):e45. 
19. van der Vusse GJ, Roemen TH, Reneman RS. Assessment of fatty acids in dog left ventricular myocardium. 
Biochim Biophys Acta. 1980;617(2):347-349. 
20. Dobrzyn A, Gorski J. Ceramides and sphingomyelins in skeletal muscles of the rat: Content and composition. 
effect of prolonged exercise. Am J Physiol Endocrinol Metab. 2002;282(2):E277-85. 
21. MORRISON WR, SMITH LM. Preparation of fatty acid methyl esters and dimethylacetals from lipids with boron 
fluoride--methanol. J Lipid Res. 1964;5:600-608. 
22. Wang QR, Wang BH, Huang YH, Dai G, Li WM, Yan Q. Purification and growth of endothelial progenitor cells 
from murine bone marrow mononuclear cells. J Cell Biochem. 2008;103(1):21-29. 
23. Wiegman EM, Meertens H, Konings AW, Kampinga HH, Coppes RP. Loco-regional differences in pulmonary 
function and density after partial rat lung irradiation. Radiother Oncol. 2003;69(1):11-19. 
24. Vujaskovic Z, Down JD, van t'Veld AA, et al. Radiological and functional assessment of radiation-induced lung 
injury in the rat. Exp Lung Res. 1998;24(2):137-148. 
25. Gulbins E, Li PL. Physiological and pathophysiological aspects of ceramide. Am J Physiol Regul Integr Comp 
Physiol. 2006;290(1):R11-26. 
26. Lombaert IM, Brunsting JF, Wierenga PK, Kampinga HH, de Haan G, Coppes RP. Cytokine treatment improves 
parenchymal and vascular damage of salivary glands after irradiation. Clin Cancer Res. 2008;14(23):7741-7750. 
27. Kantak SS, Diglio CA, Onoda JM. Low dose radiation-induced endothelial cell retraction. Int J Radiat Biol. 
1993;64(3):319-328. 



108 

Chapter 05 | Early EC loss in RILD

28. Waters CM, Taylor JM, Molteni A, Ward WF. Dose-response effects of radiation on the permeability of 
endothelial cells in culture. Radiat Res. 1996;146(3):321-328. 
29. Evans ML, Graham MM, Mahler PA, Rasey JS. Changes in vascular permeability following thorax irradiation in 
the rat. Radiat Res. 1986;107(2):262-271. 
30. Slauson DO, Hahn FF, Chiffelle TL. The pulmonary vascular pathology of experimental radiation pneumonitis. 
Am J Pathol. 1977;88(3):635-654. 
31. van der Veen SJ, Ghobadi G, de Boer RA, et al. ACE inhibition attenuates radiation-induced cardiopulmonary 
damage. Radiother Oncol. 2015;114(1):96-103. 
32. Khazaei M, Moien-Afshari F, Laher I. Vascular endothelial function in health and diseases. Pathophysiology. 
2008;15(1):49-67. 
33. Gaine S. Pulmonary hypertension. JAMA. 2000;284(24):3160-3168. 
34. Jurasz P, Courtman D, Babaie S, Stewart DJ. Role of apoptosis in pulmonary hypertension: From experimental 
models to clinical trials. Pharmacol Ther. 2010;126(1):1-8. 
35. Bentzen SM. Preventing or reducing late side effects of radiation therapy: Radiobiology meets molecular 
pathology. Nat Rev Cancer. 2006;6(9):702-713. 
36. Down JD. The nature and relevance of late lung pathology following localised irradiation of the thorax in mice 
and rats. Br J Cancer Suppl. 1986;7:330-332. 
37. Ward WF, Lin PJ, Wong PS, Behnia R, Jalali N. Radiation pneumonitis in rats and its modification by the 
angiotensin-converting enzyme inhibitor captopril evaluated by high-resolution computed tomography. Radiat 
Res. 1993;135(1):81-87. 
38. Gillette SM, Powers BE, Orton EC, Gillette EL. Early radiation response of the canine heart and lung. Radiat Res. 
1991;125(1):34-40. 
39. Loyd JE, Bolds JM, Sheller JR, et al. Acute effects of thoracic irradiation on lung function and structure in awake 
sheep. J Appl Physiol (1985). 1987;62(1):208-218. 
40. Guerry-Force ML, Perkett EA, Brigham KL, Meyrick B. Early structural changes in sheep lung following thoracic 
irradiation. Radiat Res. 1988;114(1):138-153. 
41. Murayama S, Akamine T, Sakai S, et al. Risk factor of radiation pneumonitis: Assessment with velocity-encoded 
cine magnetic resonance imaging of pulmonary artery. J Comput Assist Tomogr. 2004;28(2):204-208. 
42. Ueno H, Kanellakis P, Agrotis A, Bobik A. Blood flow regulates the development of vascular hypertrophy, 
smooth muscle cell proliferation, and endothelial cell nitric oxide synthase in hypertension. Hypertension. 
2000;36(1):89-96. 
43. Macario DK, Entersz I, Abboud JP, Nackman GB. Inhibition of apoptosis prevents shear-induced detachment of 
endothelial cells. J Surg Res. 2008;147(2):282-289. 
44. Zhao YD, Courtman DW, Deng Y, Kugathasan L, Zhang Q, Stewart DJ. Rescue of monocrotaline-induced 
pulmonary arterial hypertension using bone marrow-derived endothelial-like progenitor cells: Efficacy of 
combined cell and eNOS gene therapy in established disease. Circ Res. 2005;96(4):442-450. 
45. Bussolino F, Wang JM, Defilippi P, et al. Granulocyte- and granulocyte-macrophage-colony stimulating factors 
induce human endothelial cells to migrate and proliferate. Nature. 1989;337(6206):471-473. 
46. Heeschen C, Aicher A, Lehmann R, et al. Erythropoietin is a potent physiologic stimulus for endothelial 
progenitor cell mobilization. Blood. 2003;102(4):1340-1346. 
47. Critser PJ, Yoder MC. Endothelial colony-forming cell role in neoangiogenesis and tissue repair. Curr Opin 
Organ Transplant. 2010;15(1):68-72. 
48. Li Calzi S, Neu MB, Shaw LC, Kielczewski JL, Moldovan NI, Grant MB. EPCs and pathological angiogenesis: When 
good cells go bad. Microvasc Res. 2010;79(3):207-216. 
49. Trott KR, Herrmann T, Kasper M. Target cells in radiation pneumopathy. Int J Radiat Oncol Biol Phys. 
2004;58(2):463-469. 

  
  

 

Supplementary f igure S1: Overview of lung parts collected for in-field and out-of-field analysis after 50% 
irradiation.  

  



109 

Early EC loss in RILD | Chapter 05 

05

28. Waters CM, Taylor JM, Molteni A, Ward WF. Dose-response effects of radiation on the permeability of 
endothelial cells in culture. Radiat Res. 1996;146(3):321-328. 
29. Evans ML, Graham MM, Mahler PA, Rasey JS. Changes in vascular permeability following thorax irradiation in 
the rat. Radiat Res. 1986;107(2):262-271. 
30. Slauson DO, Hahn FF, Chiffelle TL. The pulmonary vascular pathology of experimental radiation pneumonitis. 
Am J Pathol. 1977;88(3):635-654. 
31. van der Veen SJ, Ghobadi G, de Boer RA, et al. ACE inhibition attenuates radiation-induced cardiopulmonary 
damage. Radiother Oncol. 2015;114(1):96-103. 
32. Khazaei M, Moien-Afshari F, Laher I. Vascular endothelial function in health and diseases. Pathophysiology. 
2008;15(1):49-67. 
33. Gaine S. Pulmonary hypertension. JAMA. 2000;284(24):3160-3168. 
34. Jurasz P, Courtman D, Babaie S, Stewart DJ. Role of apoptosis in pulmonary hypertension: From experimental 
models to clinical trials. Pharmacol Ther. 2010;126(1):1-8. 
35. Bentzen SM. Preventing or reducing late side effects of radiation therapy: Radiobiology meets molecular 
pathology. Nat Rev Cancer. 2006;6(9):702-713. 
36. Down JD. The nature and relevance of late lung pathology following localised irradiation of the thorax in mice 
and rats. Br J Cancer Suppl. 1986;7:330-332. 
37. Ward WF, Lin PJ, Wong PS, Behnia R, Jalali N. Radiation pneumonitis in rats and its modification by the 
angiotensin-converting enzyme inhibitor captopril evaluated by high-resolution computed tomography. Radiat 
Res. 1993;135(1):81-87. 
38. Gillette SM, Powers BE, Orton EC, Gillette EL. Early radiation response of the canine heart and lung. Radiat Res. 
1991;125(1):34-40. 
39. Loyd JE, Bolds JM, Sheller JR, et al. Acute effects of thoracic irradiation on lung function and structure in awake 
sheep. J Appl Physiol (1985). 1987;62(1):208-218. 
40. Guerry-Force ML, Perkett EA, Brigham KL, Meyrick B. Early structural changes in sheep lung following thoracic 
irradiation. Radiat Res. 1988;114(1):138-153. 
41. Murayama S, Akamine T, Sakai S, et al. Risk factor of radiation pneumonitis: Assessment with velocity-encoded 
cine magnetic resonance imaging of pulmonary artery. J Comput Assist Tomogr. 2004;28(2):204-208. 
42. Ueno H, Kanellakis P, Agrotis A, Bobik A. Blood flow regulates the development of vascular hypertrophy, 
smooth muscle cell proliferation, and endothelial cell nitric oxide synthase in hypertension. Hypertension. 
2000;36(1):89-96. 
43. Macario DK, Entersz I, Abboud JP, Nackman GB. Inhibition of apoptosis prevents shear-induced detachment of 
endothelial cells. J Surg Res. 2008;147(2):282-289. 
44. Zhao YD, Courtman DW, Deng Y, Kugathasan L, Zhang Q, Stewart DJ. Rescue of monocrotaline-induced 
pulmonary arterial hypertension using bone marrow-derived endothelial-like progenitor cells: Efficacy of 
combined cell and eNOS gene therapy in established disease. Circ Res. 2005;96(4):442-450. 
45. Bussolino F, Wang JM, Defilippi P, et al. Granulocyte- and granulocyte-macrophage-colony stimulating factors 
induce human endothelial cells to migrate and proliferate. Nature. 1989;337(6206):471-473. 
46. Heeschen C, Aicher A, Lehmann R, et al. Erythropoietin is a potent physiologic stimulus for endothelial 
progenitor cell mobilization. Blood. 2003;102(4):1340-1346. 
47. Critser PJ, Yoder MC. Endothelial colony-forming cell role in neoangiogenesis and tissue repair. Curr Opin 
Organ Transplant. 2010;15(1):68-72. 
48. Li Calzi S, Neu MB, Shaw LC, Kielczewski JL, Moldovan NI, Grant MB. EPCs and pathological angiogenesis: When 
good cells go bad. Microvasc Res. 2010;79(3):207-216. 
49. Trott KR, Herrmann T, Kasper M. Target cells in radiation pneumopathy. Int J Radiat Oncol Biol Phys. 
2004;58(2):463-469. 

  
  

 

Supplementary f igure S1: Overview of lung parts collected for in-field and out-of-field analysis after 50% 
irradiation.  

  






