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Abstract  

Aims 

Previous thorax irradiation promotes metastatic spread of tumor cells to the lung. We 

hypothesized that vascular damage facilitates lung metastasis after thorax irradiation and 

that therapeutically applied multipotent mesenchymal stromal cells (MSCs) with reported 

repair activity may prevent these adverse effects of ionizing radiation by protecting lung 

endothelia from radiation-induced damage.  

Results 

Previous whole thorax irradiation (WTI) with 15Gy significantly enhanced seeding and 

metastatic growth of tumor cells in the lung. WTI was further associated with endothelial cell 

damage, senescence of lung epithelial cells and up-regulation of invasion- and inflammation-

promoting soluble factors, e.g. endothelial matrix metalloproteinase 2 (Mmp2), its activator 

Mmp14, the co-factor tissue inhibitor of metalloproteinases 2 (Timp2), chemokine (C-C motif) 

ligand 2 (Ccl2), and urokinase-type plasminogen activator (Plau/uPA), and recruitment of 

CD11b+CD11c- myelomonocytic cells. Inhibition of Mmp2 counteracted radiation-induced 

vascular dysfunction without preventing increased metastasis. In contrast, therapy with bone 

marrow or aorta-derived MSCs within two weeks post-irradiation antagonized radiation-

induced damage to resident cells as well as the resulting secretome-changes and abrogated 

the metastasis-promoting effects of WTI.  

Innovation 

Therapy with MSCs protects lungs from radiation-induced injury and reduces the risk of lung 

metastasis. MSC-mediated inhibition of Mmp2 mediates their protective effects at the 

vasculature. Further local and systemic effects such as inhibition of radiation-induced 

senescence of bronchial epithelial cells and associated secretion of immunomodulatory 

factors may participate in the inhibitory effect of MSCs on lung metastasis.   

Conclusion 

MSC-therapy is a promising strategy to prevent radiation-induced lung injury and the 

resulting increased risk of metastasis.  
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Introduction 

Radiotherapy (RT) plays a key role in cancer treatment and is highly effective in reducing 

tumor growth. The ultimate goal of radiation therapy is to reduce or eliminate tumor burden 

while sparing normal tissues from long-term injury. However, local recurrence of primary 

tumors and distant metastasis are the leading causes of death in many cancer patients (18). 

Herein the high intrinsic sensitivity of normal tissues to ionizing radiation (IR) often precludes 

the application of curative radiation doses (23,60). As an example, thorax irradiation induces 

tissue inflammation (pneumonitis) and fibrosis as dose-limiting side effects with a lethality of 

up to 15% (27). Moreover, some recent studies raise the possibility that thorax irradiation not 

only triggers efficient eradication of cancer cells but also facilitates seeding of surviving tumor 

cells to the irradiated lung tissue and thus tumor recurrence under certain conditions 

(11,29,56). However, the underlying mechanisms of radiation-induced adverse late effects 

are still not well understood and no causative radioprotective treatment is available to date. 

Others and we showed in preclinical studies that radiation-induced normal tissue toxicity is 

closely linked to vascular endothelial cell damage and dysfunction of the blood-air-barrier 

(9,20,22,71). Moreover, investigations in murine models suggest that radiation-induced 

endothelial cell damage favors the transmigration of tumor cells through the endothelium -

which is a critical step in the metastatic cascade- resulting in increased formation of 

micrometastasis (5,7,29). Dysregulated proteolysis has been implicated in tumor invasion 

and metastasis by promoting tumor cell transendothelial migration. In particular matrix 

metalloproteinases (Mmps) have previously been shown to degrade the extracellular matrix 

and the basement membrane in the process of metastasis (49). Interestingly invasive breast 

cancer cells foster endothelial barrier dysfunction by the activation of endothelial Mmp2 

production and thereby facilitate tumor cell extravasation through lung microvascular 

endothelial cells (36,54). We therefore speculated that the primary damage and functional 

impairment of the endothelial cell (EC) facilitates the formation of micrometastasis in the 

irradiated lung tissue.  
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Further investigations including own previous work revealed that IR induces complex 

immune changes such as secretion of cytokines/chemokines and recruitment of cells from 

the innate and adaptive immune system (11,70). Interestingly, tumors grown in previously 

irradiated tissues also recruit large numbers of bone marrow (BM)-derived CD11b+ myeloid 

cells to support their growth (1,70). However, the role of immune cells infiltrating irradiated 

tissues for treatment outcome is still controversial as they can either enhance the antitumor 

effects of RT or provide paracrine signals that facilitate tumor cell survival and growth, 

including the formation of tumor blood vessels (1,3,44,69).  

Up to now, the mechanisms driving immune cell recruitment or tumor cell recruitment to 

irradiated tissues are still unclear. Herein, a biological process that can be initiated in various 

cells in response to diverse stressors including IR and has the potential to generate 

paracrine signals affecting the recruitment of tumor cells and immune cells is cellular 

senescence. Senescence is aimed to remove irreparable damaged and therefore potentially 

harmful cells from the proliferative pool. Though senescent cells do not proliferate they 

acquire a particular phenotype characterized by complex gene expression changes and 

increased expression of diverse secreted proteins termed “senescence-associated secretory 

pattern” (SASP). 

The SASP includes inflammatory cytokines, growth factors, and proteases with potential 

immune modulatory function and some of the SASP proteins even have a suspected tumor-

promoting effect (8,14,15,43). It has been demonstrated that single SASP factors regulate 

key processes that facilitate tumor progression and metastasis including proliferation, 

senescence, angiogenesis, epithelial mesenchymal transition and immune evasion (2,53,55). 

However, the involvement of senescence in radiation-induced adverse effects has not yet 

been investigated. 

Stem cell therapy is a promising option for the prevention or treatment of radiation-induced 

normal tissue injury as they can promote survival and repair of damaged cells (16). 

Moreover, transplantation of bone marrow-derived mesenchymal stem cells, also referred as 

multipotent mesenchymal stromal cells (MSCs) has established itself as a potential strategy 
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for the treatment of lung diseases (46,63). However, there is a lack of preclinical and clinical 

studies of stem cell therapy for radiation-induced adverse effects in the lung (46,58) and 

there are only few ongoing clinical trials with MSCs in chronic lung disease including their 

therapeutic applications in patients with idiopathic pulmonary fibrosis (61,62). We 

hypothesized that therapeutic application of MSCs may be suited to promote repair of 

radiation-induced damage to resident lung cells, particularly vascular endothelial cells, 

thereby reducing settlement of tumor cells to previously irradiated lung tissues. A common 

source of MSCs is the BM (51). However, the procedure to collect BM-derived MSCs is very 

invasive and only 0.01 to 0.001 percent of mononuclear cells in the BM are MSCs so that 

other, more accessible sources would represent good alternatives. In addition, cord blood, 

placenta, blood, fetal liver, and even adipose tissue can be used to obtain human MSCs 

(26,34,37,75). Above all, cord blood and peripheral blood could be good and easily 

accessible sources (30,31). However, the percentage of hMSCs in peripheral blood is very 

low. Therefore, the donor must be stimulated with GM-CSF to increase this percentage by a 

washout of MSCs from the BM, but this is very distressing and stressful for the patient. We 

showed in previous studies that nestin-positive multipotent MSCs reside in the wall of adult 

blood vessels and may serve as source for tissue-specific MSCs (vascular wall-resident 

MSCs, VW-MSCs). In patho-physiological conditions, e.g. the neovascularization of tumors, 

these VW-MSCs are involved in the stabilization of newly formed vessels and exhibit 

classical behavior of MSCs in vitro (40,41). In order to obtain sufficient material for 

experimental studies, these cells can be isolated directly ex vivo from the largest blood 

vessel of the murine system, the aorta, and cultured upon immunomagnetic separation using 

the Stem Cell Antigen 1 (Sca1). For human use, VW-MSCs can be isolated from small 

vessel pieces (excess material) obtained during surgery (e.g. vena saphena or arteria 

radialis).  

Importantly, tissue-specific stem cells differentiate mainly to the tissue-type from which they 

derive, indicating that there is a certain code ("priming") within the cells as determined by the 

tissue of origin. Beside the relatively simple extraction of these cells for autologous 
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transplantation this might be a particular advantage for the therapeutic application of VW-

MSCs for improving vascular function or preventing vascular damage. We therefore 

hypothesized that therapeutic application of VW-MSC might be particularly well suited for for 

the radioprotection of endothelial cells in a murine model of radiation-induced lung injury.  

 

Here we used MSCs isolated either from the BM or from the aorta (Ao) to investigate their 

potential to counteract lung injury and the resulting microenvironmental changes in response 

to whole thorax irradiation (WTI) and explore the underlying mechanisms in a murine model. 

We show that thorax irradiation induces vascular damage, senescence of bronchial epithelial 

cells and secretion of SASP factors with suspected tumor-promoting potential. These 

changes were associated with an enhanced metastasis of intravenously injected tumor cells 

or subcutaneously growing tumors to previously irradiated lungs. Adoptive transfer of MSCs 

normalized vascular dysfunction through inhibition of endothelial Mmp2, reversed epithelial 

cell senescence and certain aspects of the associated SASP, and reduced the risk of lung 

metastasis. We speculate that MSC-mediated protection of the lung tissue from the 

damaging effect of IR precludes the initiation of a tumor-promoting signaling network 

between damaged resident cells, recruited immune cells and tumor cells that supports 

invasion and growth of invading tumor cells.  
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Results 

Impaired vascular function after WTI is accompanied by increased tumor cell 

extravasation and metastasis in experimental models  

To investigate a suggested general metastasis-promoting effect of ionizing radiation we 

studied seeding and growth of intravenously injected tumor cells in previously irradiated lung 

tissue using two different murine cells lines. For this, C57BL/6 mice and BALB/c mice were 

irradiated with 15Gy WTI and syngeneic tumor cells (B16F10 melanoma cells for C57BL/6 

mice and TS/A mammary adenocarcinoma cells for BALB/c mice) were injected into tail vein 

at 21 days post-irradiation (Fig. 1A,B). Micrometastasis formation and subsequent formation 

of macrometastasis was significantly increased in lungs 14 days after tumor cell injection in 

both mouse strains [(C57BL/6/ 15Gy: 26.5 per lung cross section ± 4.6 [standard error of the 

mean, SEM], n=10; 0Gy: 12.2 ± 4.1, n = 13; P<0.05; BALB/c 15Gy: 24.7 ± 3.5, n = 11; 0Gy: 

10.6 ± 2.9, n = 9; P<0.05 as analyzed by two-way ANOVA followed by post-hoc Bonferroni 

test: F-factors 0.00297 (interaction), 11.64 (column factor, cf / Gy), 0.2247 (row factor, rf / 

mouse strain)]. Though tail-vein injection of cancer cells is a well-established model of 

experimental metastasis (66) we next aimed to exclude that the observed effects may be 

artifacts of injecting large tumor cell numbers into the circulation. Therefore we performed 

additional experiments measuring metastasis formation of subcutaneously growing C57Bl/6 

xenograft flank tumors. For this, C57BL/6 mice received a lethal total body irradiation (TBI) 

with a splitting dose of 7+3Gy followed by bone BM reconstitution and subcutaneous 

implantation of B16F10 tumor cells into the flank at 4 - 6 weeks post-irradiation. Two or 28 

days later tumor cell extravasation (here designated as micrometastasis) and subsequent 

growth of macrometastasis were quantified in whole lung sections (Fig. 1C). These data 

revealed that metastatic spread to previously irradiated lungs is also increased in mice 

bearing subcutaneously growing tumors [(28d/ 10Gy: 8.2 ± 1.3, n = 22; 28d/ 0Gy: 14.1 ± 1.0, 

n = 11; P<0.01; 2d/ 15Gy: 8.7 ± 2.5, n = 18; 2d/ 0Gy: 1.2 ± 0.4, n = 11; P<0.05 as analyzed 

by two-way ANOVA followed by post-hoc Bonferroni test: F-factors 1.026 (interaction), 12.17 

(cf / Gy), 0.5355 (rf / days)]. 
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Because the observed effects in the different models were rather similar, all subsequent 

experiments were only performed in the B16F10 melanoma model using C57BL/6 mice. Next 

we aimed to gain more detailed insight into the effects of WTI on the vascular compartment. 

An intensive morphological analysis of the lung tissue at 21 days after WTI corroborated the 

suggested link between the increased radiation-induced seeding of circulating tumor cells 

and a functional impairment of lung endothelial cells (EC) (Fig. 2A). Indeed, arterial EC 

showed numerous vacuoles, partially degraded mitochondria (Fig. 2A2,A3), and a defective 

and irregular basement membrane (bMem) lining arterial EC (Fig. 2 A4, arrow heads) at d21 

post-irradiation, though EC junctions were not affected. The regular arrangement of EC 

junctions was further analysed by Western blot analysis of protein cell lysates obtained from 

whole mouse lung (Fig. 2B). The total amount of VE-cadherin (VE-Cad) as well as its low 

phosphorylation status and the proper association with beta-catenin was not altered after 

WTI. Real Time RT-PCR quantification of VE-Cad mRNA levels in whole lung RNA isolates 

further confirmed no alterations of VE-Cad expressions after WTI (Fig. 2C). 

Immunocolocalization of VE-Cad and endothelial CD31 (PECAM1) expression confirmed cell 

surface localization of VE-Cad in lung EC and a regular arrangement after WTI (Fig. 2D). 

These results suggest that IR-induced endothelial cell damage facilitates the transmigration 

of tumor cells through the endothelium - a critical step in the metastatic cascade. 

 

MSC-therapy improves vascular dysfunction and reduces lung metastasis to 

previously irradiated lungs 

Next, we explored a novel therapeutic strategy based on therapeutic application of MSCs to 

limit the radiation-induced vascular dysfunction and the associated risk of increased growth 

of metastatic tumor cells in previously irradiated lungs. EGFP-tagged MSCs were routinely 

isolated and cultured from aorta (Ao) of EGFP-Nagy mice and from the BM. C57BL/6 mice 

received 15Gy WTI followed by intravenously transplantation of single cell suspensions of 

cultured EGFP positive (EGFP(+)) MSCs into the tail vein at 24 hours or 14 days after 

irradiation (Fig. 3). RT-induced vascular dysfunction resulted in increased albumin leakage 

(Fig. 3A: difference in mean mg Evans blue dye (EBD) per mg lung tissue = 0.13; control 
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irradiated mice = 0.06, n= 5 and WTI mice = 0.19, n = 5, P<0.05 (95% confidence interval 

[CI] = 0.01 to 0.24). IR-induced impairment of EC function as determined by EBD 

extravasation was restored 21 days after irradiation in MSC-treated animals at both, 24 hours 

and 14 days after RT, independently from the origin of the applied MSCs (mean EBD 

extravasation = -0.13 of WTI and BM24h, n = 5, 95%CI =,-0.24 to -0.002, P<0.05; Ao24h = -

0.10, 95% CI = -0.2 to 0.006, P =0.06; BM14d = -0.14, 95% CI = -0.26 to -0.02, P<0.05; 

Ao14d = -0.10, 95% CI=-0.24 to 0.04, P=0.15). Electron microscopy of lung blood vessels 

demonstrated a regular vessel structure as well as restored regular EC morphology in the 

lungs of MSC-treated animals (Fig. 3B). Immunofluorescent analysis of EGFP expression in 

isolated lung sections revealed that only a few, preferably single donor cells can be detected 

in lung sections, indicating that nearly no therapeutically applied EGFP(+) MSCs homed to 

the injured lung tissue 21 days after WTI while circulating EGFP(+) MSCs could still be 

detected in peripheral blood several weeks after transplantation (Fig. 3C). Quantification of 

lung metastasis formation (Fig. 3D) demonstrated that application of MSC derived from BM 

or Ao within 24 hours after irradiation [15Gy: 36.9 metastasis per lung cross section ± 4.80 

(SEM), n = 33; 0Gy: 7.4 ± 1.9, n=10, P<0.001; 0GyAo24h: 2.4 ± 1.3, n = 8, P<0.001; 

15GyBM24h: 13.0 ± 5.8, n = 9, P<0.05; Ao24h: 11.3 ± 3.9, n = 7, P<0.05] or 14 days later 

[BM14d: 10.3 ± 4.1, n = 13, P<0.001; Ao14d: 11.4 ± 6.1, n = 9, P<0.05 as analyzed by two-

way ANOVA followed by post-hoc Bonferroni test: F-factors 13.297 (interaction), 11.44 (cf / 

Gy), 7.248 (rf / treatment)] significantly reduced seeding of circulating tumor cells and 

subsequent metastasis formation. A similar tendency to a pronounced but not significantly 

reduced metastasis formation was also detected in MSC-treated animals after sham 

irradiation. These results demonstrate that therapeutic application of MSCs has a high 

potential to counteract seeding and growth of circulating tumor cells in previously irradiated 

lungs. To exclude that MSC-therapy has itself a metastasis-promoting effect on established 

tumors, untreated C57BL/6 mice were first intravenously injected with B16F10 cells into the 

tail vein and metastasis formation and growth was allowed for 14 days (Fig. 3E). Thereafter 

animals received a 15Gy WTI without or with additional adoptive transfer of cultured MSCs 

(0.5*10(6) cells) derived from the aorta 24h after irradiation (15GyAo24h). Quantification of 
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lung metastasis at 3 weeks after MSC-therapy revealed that MSC-therapy did not increase 

the number or size of established lung metastasis. These results indicate that MSC-therapy 

reduces the risk of lung metastasis in irradiated lungs without promoting growth of 

established metastatic lesions. 

 

MSC treatment reduces radiation-induced endothelial Mmp2 expression thereby 

normalizing vascular function 

Invasion and metastasis of tumor cells requires proteolytic activity (e.g. Mmps) in order to 

degrade components of the extracellular matrix thereby facilitating tumor cell migration as 

well as metastatic dissemination of malignant cells. Therefore, we analyzed expression 

levels of Mmp2 as well as of its co-factors Mmp14 and Timp2 in more detail in irradiated lung 

tissue (Fig. 4). Real-Time RT-PCR quantification of these metastasis associated genes 

revealed a significant up-regulation of the Mmp2-Mmp14-Timp2 axis in the lungs of WTI 

animals after WTI [Fig. 4A; P values as indicated: *P<0.05, **P<0.01, ***P<0.001 as 

analyzed by two-way ANOVA followed by post-hoc Bonferroni test: F-factors 2.311 

(interaction), 9.589 (cf / Gy and treatment), 5.721 (rf / genes)]. Of note, the mRNA levels of 

these enzymes were almost reduced to normal levels when animals were treated with MSCs 

from BM from Ao within 24h after irradiation (Fig. 4A). Increased radiation-induced Mmp2 

expression was further confirmed on protein level as shown by using Western blot analysis in 

whole protein lysates and in paraffin sections using immunohistochemistry (Fig. 4B). 

Increased amounts of Mmp2 protein levels were confined to arterial blood vessels of lungs 

compared after WTI; notably, Mmp2 levels were reduced in lungs of animals treated with IR 

plus subsequent MSC-therapy (Fig. 4C). To confirm the endothelial origin of Mmp2, mouse 

lung endothelial cells (MLEC) were purified and irradiated in vitro. Interestingly, IR of cultured 

MLEC induced an up-regulation of Mmp2 and an increased secretion of Mmp2 to the 

medium (not shown). These results suggest that endothelial Mmp2 contributes to radiation-

induced EC damage and can be targeted by MSC-therapy. 

To gain insight into the role of Mmp2 in the adverse effects of RT to the lung we examined 

potential protective effects of a specific Mmp2 inhibitor in our experimental model. For this 

 Page 10 of 47 

A
nt

io
xi

da
nt

s 
&

 R
ed

ox
 S

ig
na

lin
g

T
he

ra
py

 w
ith

 m
ul

tip
ot

en
t m

es
en

ch
ym

al
 s

tr
om

al
 c

el
ls

 p
ro

te
ct

s 
lu

ng
s 

fr
om

 r
ad

ia
tio

n-
in

du
ce

d 
in

ju
ry

 a
nd

 r
ed

uc
es

 th
e 

ri
sk

 o
f 

lu
ng

 m
et

as
ta

si
s 

(d
oi

: 1
0.

10
89

/a
rs

.2
01

4.
61

83
)

T
hi

s 
ar

tic
le

 h
as

 b
ee

n 
pe

er
-r

ev
ie

w
ed

 a
nd

 a
cc

ep
te

d 
fo

r 
pu

bl
ic

at
io

n,
 b

ut
 h

as
 y

et
 to

 u
nd

er
go

 c
op

ye
di

tin
g 

an
d 

pr
oo

f 
co

rr
ec

tio
n.

 T
he

 f
in

al
 p

ub
lis

he
d 

ve
rs

io
n 

m
ay

 d
if

fe
r 

fr
om

 th
is

 p
ro

of
.



11 

11 
 

C57BL/6 mice received repeated intra-peritoneal injections of the selective Mmp2 inhibitor 

ARP100 (15µg/g bodyweight) twice a week for 3 weeks after WTI (Fig. 5). As shown in Fig. 

5A and 5B, ARP100-treatment normalized RT-induced BSA-extravasation at day 21 post-

irradiation (15Gy: 6.8 ± 2.9 µg BSA/ g total lung protein, means ± SEM, n = 4; 15Gy/ 

ARP100: 0.5 ± 0.5 µg BSA/ g total lung protein, means ± SEM, n=6, P<0.05). Moreover, 

Mmp2 inhibitor treatment restored regular EC morphology and vessel structures in the lungs 

of WTI mice (Fig. 5C). However, Mmp2 inhibition was not sufficient to significantly reduce 

colonization of previously irradiated lungs by circulating tumor cells [Fig. 5D,E; difference in 

mean counts (ME) of sham irradiated mice (n=10) and WTI mice (n=15) = 35.7 (95% CI=22.5 

to 48.8), P<0.001 (comparison to 15Gy) as determined by one-way ANOVA followed by post-

hoc Bonferroni test; ME of WTI mice and Mmp2 inhibitor-treated WTI mice (n = 6): not 

significant]. These data indicated that MSC inhibition of vascular dysfunction involves down-

regulation of endothelial Mmp2 in irradiated lung tissue. 

 

MSC-therapy counteracts radiation-induced senescence of resident epithelial cells 

and recruited immune cells  

As Mmp2 is not only linked with vascular dysfunction and tumor cell invasion but also a well-

known factor associated with senescence we next investigated whether WTI might induce 

cellular senescence (Fig. 6). Therefore senescence-associated beta-galactosidase 

(SAbetagal) activity was assessed in frozen lung tissue sections at 21 days post-irradiation in 

lung tissue from control and WTI animals with or without additional MSC-therapy. 

Interestingly increased SAbetagal activity was detected in bronchial-alveolar epithelial cell in 

lungs after WTI when compared to lung sections from control animals (Fig. 6A). In lungs of 

MSC-treated animals SAbetagal activity showed a staining pattern comparable to lung 

sections from control animals. Apart from epithelial cells single infiltrating cells were also 

SAbetagal-positive, suggesting IR-induced immune-senescence. Indeed, co-immuno-

stainings with CD45 antibody identified these cells to be leukocytes (Fig. 6A upper right 

panel). WTI induced senescence induction was further confirmed on mRNA level by Real-

Time RT-PCR quantification of the cellular senescence mediator gene cyclin-dependent 
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kinase inhibitor 1 (Cdkn1a, p21) as well as on protein level (Fig. 6B,C). Notably, Cdkn1a 

expression levels were significantly decreased in lungs of irradiated animals treated with 

MSC. To gain insight into the resulting effects of MSC-therapy on immune cell recruitment, 

infiltrating CD45+ leukocytes were quantified by counting numbers of CD45-immunoreactive 

structures in frozen sections of lung tissue from control and irradiated animals with or without 

additional MSC-therapy. The numbers of infiltrating CD45+ cells were increased in tissue 

sections of irradiated animals at 21d after WTI and their numbers were significantly reduced 

upon MSC-therapy [Fig. 6D; P values as indicated: *P<0.05, as analyzed by two-way 

ANOVA followed by post-hoc Bonferroni test: F-factors 0.5583 (interaction), 14.32 (cf / Gy), 

3.645 (rf / treatment)]. These findings indicated that WTI-induces senescence of bronchial-

alveolar epithelial cells as well as leukocyte infiltration and that both effects are antagonized 

by MSC treatment. 

 

MSC-therapy counteracts certain aspects of the secretome of irradiated lungs and the 

recruitment of myeloid cells with reported tumor-promoting potential 

Since SASP factors like the chemokine (C-C motif) ligand 2 (Ccl2) and urokinase-type 

plasminogen activator (Plau/uPA) are known to be involved in both immune regulation and 

metastasis we next examined whether WTI would increase the levels of these factors in the 

lung tissue. Quantification of Plau/uPA and Ccl2 mRNA expression levels showed increased 

Plau/uPA and Ccl2 mRNA expression levels in total lung RNA isolates of irradiated lungs 

when compared to lung tissue from sham-irradiated control mice (Fig. 7A). Of note, adoptive 

transfer of MSC normalized the expression levels of Ccl2 and to a lesser extent of Plau in 

lungs of irradiated animals. A similar tendency to decreased expression levels of Ccl2 and 

Plau mRNA was also detected in MSC-treated animals sham controls compared to sham 

controls without MSC treatment [Fig. 7A; P values as indicated: *P<0.05, ***P<0.001 as 

analyzed by two-way ANOVA followed by post-hoc Bonferroni test: F-factors 2.560 

(interaction), 4.422 (cf / Gy and treatment), 1.990 (rf / gene)]. Immunohistochemistry analysis 

of Ccl2 and Plau/uPA proteins further revealed that radiation-induced Ccl2 and Plau/uPA 

expression confined to the bronchial-alveolar epithelial cells in irradiated lungs (Fig. 7B). 
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Notably, these levels were reduced in lungs of animals treated with IR plus subsequent 

MSC-therapy.  

Since Ccl2 has been linked to immune modulation we further investigated whether RT-

induced alterations in the lung secretome may result in altered recruitment of myeloid cells. 

For this, we analysed the composition of the myeloid cell compartment by FACS analysis of 

cell extracts generated from freshly isolated lung tissue. Interestingly, the percentage of 

CD11b+CD11c- myeloid cells (monocytes/granulocytes) from CD45+ leukocytes, particularly 

of Ly6C+ (myelomonocytic cells), was significantly increased after WTI whereas the 

percentage of CD11bintCD11c+ cells (alveolar macrophages) was decreased when 

compared to sham controls (Fig. 7C,D; P value as indicated: P ≤ 0.05, **P ≤ 0.01, ***P ≤ 

0.001 as analyzed by two-way ANOVA followed by post-hoc Bonferroni test [for C: F-factors 

0.48 (interaction), 11.77 (cf / Gy), 1.268 (rf / treatment); for D: F-factors 9.026 (interaction), 

1.025 (cf / Gy), 327.5(rf / marker)]. Even more important, MSC-therapy antagonized 

infiltration of Ly6C+ and CD11b+CD11c- myeloid cells with high efficiency (Fig. 7C,D). These 

data suggest that abrogation of certain aspects of the secretome of irradiated resident lung 

cells and the resulting immune deviation may participate in MSC-mediated protection from 

RT-induced lung injury and metastasis. 
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Discussion 

Here we demonstrate for the first time that MSC-therapy has the potential to protect the 

highly radiosensitive lung tissue from radiation-induced damage to vascular structures and 

the associated increase in lung metastasis in experimental murine models. Moreover, we 

identified enhanced senescence of lung epithelial cells, secretion of the SASP factors Mmp2, 

Plau/uPA and Ccl2 as well as increased recruitment of CD11b+CD11c- myelomonocytic cells 

as novel factors participating in the response of the normal lung tissue to ionizing radiation. 

Importantly, we identified inhibition of Mmp2 as the mechanism underlying MSC-mediated 

normalization of vascular dysfunction. The observation that Mmp2 inhibition did not 

significantly reduce increased lung metastasis indicates that further cellular or paracrine 

effects of MSC participate in their protective effects against lung metastasis. These may 

include protection of bronchial epithelial cells from radiation-induced senescence, 

suppression of tumor-promoting SASP-factors and/or modulation of radiation-induced lung 

inflammation.  

Our data corroborate earlier reports about a delayed disturbance of endothelial barrier 

function in the lung tissue at 21 days post-irradiation (9) and the resulting increase in 

transmigration of tumor cells through the endothelium (5,7,29). In our hands the pro-

metastatic effect of RT was observed for two distinct cell lines (B16F10 melanoma and 

TS/adenocarcinoma) injected into the tail vein of the two distinct respective syngeneic mouse 

strains (C57BL/6 and BALB/c). Furthermore, the enhancement of tumor cell seeding to 

previously irradiated lung tissue was observed with tumor cells injected into the tail vein as 

well as with subcutaneously growing tumors. These observations point to a more general cell 

line and mouse strain-independent phenomenon presumably initiated by radiation-induced 

microenvironmental changes. 

Though the reason for the formation of micrometastasis in specific organs is still unknown, 

this process requires adhesion of the tumor cells to the vessel wall, followed by the 

emigration of the tumor cells into the surrounding tissue (32,52). We show here that 

radiation-induced tissue damage activates pro-invasive and pro-metastatic signals such as 
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up-regulation of endothelial Mmp2 as well as Mmp14 and Timp2 suspected to promote the 

invasion of circulating tumor cells to irradiated lung tissue. However, though administration of 

a selective Mmp2 inhibitor restored EC morphology and function in the lungs of irradiated 

mice Mmp2-inhibition was not sufficient to significantly reduce seeding and growth of 

circulating tumor cells in irradiated lungs. Though we cannot exclude that the inhibition of 

tumor cell extravasation and subsequent metastatic growth might require higher Mmp2 

inhibitor concentrations these findings strongly suggest the contribution of additional 

mechanisms. Nevertheless, our data demonstrate a role of Mmp2 for radiation-induced 

vascular dysfunction in the lung and offer novel perspectives for the treatment of lung 

pathologies associated with radiation-induced EC-damage such as pulmonary arterial 

hypertension (PAH). Here, a functional impairment or even partial loss of the endothelial cells 

as a result of selective lung irradiation was detected long before the clinical manifestation of 

the disease (24).  

Interestingly, our further investigations revealed that WTI triggers a pronounced senescence 

of bronchial epithelial cells. These findings corroborate observations made by by Li and 

coworkers about the induction of senescence markers in murine brain, lung and liver tissue 

exposed to a sublethal dose of IR in vivo (43). Cellular senescence is a tumor-suppressive 

mechanism that permanently arrests cells at risk for malignant transformation. However, 

accumulating evidence shows that senescent cells can have deleterious effects on the tissue 

microenvironment and may even fuel the development of secondary cancers (14,48). A 

potential link between cellular senescence and metastasis has recently been established by 

Shimizu and coworkers who found higher numbers of lung metastasis from intravenously 

injected K1735M2 melanoma cells in aged compared to young SAMP10 (senescence-

accelerated mouse prone 10) mice (55). The authors concluded that aging-associated 

senescence facilitates metastasis due to the decrease in immune surveillance in the aging 

microenvironment. Vice-versa oncogene-induced senescence in proliferating breast cancer 

cells through expression of p95HER2, a 80 to 115 kDa carboxy-terminal and constitutively 

active fragment of the tyrosine kinase receptor HER2, increased their metastatic potential 

presumably through the senescence secretome of the cancer cells (2). Thus, the pro-tumor 
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effects of senescent cells are linked to the senescence-associated secretome, or SASP, 

which seems to be shaped by the respective stimulus, e.g. ionizing radiation or oncogenic 

transformation (2,14).  

We show here that senescence of bronchial epithelial cells from irradiated mice is associated 

with increased secretion of further SASP factors such as Ccl2 and Plau/uPA. There is 

accumulating evidence that senescent cells secrete various pro-inflammatory cytokines and 

chemokines known to play a vital role in tumor progression and metastasis (42,53,59). As an 

example, Ccl2 has been associated with poor clinical outcomes in several cancers, including 

myeloma, breast cancer, and prostate cancer (17). Furthermore, Ccl2-induced recruitment of 

Ly6C(+) myeloid cells promoted cancer cell metastasis to the lung (64). Myelomonocytic cells 

were also shown to be essential for the establishment of a premetastatic niche and survival 

of metastatic cells in mice (25). Vice-versa, Plau/uPA was reported to contribute to cancer 

cell invasion and metastasis (47). Plau/uPA catalyzes the transformation of plasminogen to 

plasmin, which degrades extracellular matrix molecules and basement membranes directly 

or indirectly through activating pro-matrix metalloproteinases (pro-Mmps) thereby facilitating 

cancer cell invasion and metastasis (65). 

From the vast majority of cancer cells that enter the circulatory system, only very few 

successfully engraft, survive, and proliferate at secondary sites (35,67). Therefore it is 

tempting to speculate that radiation-induced lung injury including senescence of lung 

epithelial cells and the resulting increase in secreted factors like Mmp2, Ccl2 and Plau/uPA 

participate in the generation of a receiving microenvironment (“niche”) that enables seeding, 

survival and growth of metastatic tumor cells (Fig. 8). However, the functional relevance of 

specific secreted factors and the resulting immune changes for increased lung metastasis 

remains to be demonstrated. 

Current research efforts are aimed at protecting adjacent tissues in order to minimize the risk 

of recurrence. It is assumed that adult MSCs may be a valuable therapeutic option for the 

prevention of lung diseases or the regeneration of diseased lung tissue, because these cells 

are relatively easily available, have immunomodulatory effects and have the capacity for cell 

differentiation (6,62), though engraftment in the lung as structural epithelium or endothelium 
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is not currently considered the mechanism by which BM-MSCs can repair lung tissue (63). 

Here we investigated the therapeutic potential of MSC derived classically from BM or from 

aorta to protect the lung tissue from radiation-induced injury and the resulting increase in 

lung metastasis from circulating tumor cells. We demonstrate that MSCs derived from BM 

and aorta both efficiently counteract RT-induced vascular damage. The high activity of the 

aorta-derived MSCs for EC protection might be due to the fact that tissue-specific stem cells 

mainly support the tissue type from which they originate (21). Several studies have shown 

that MSCs provide an important contribution to tissue neovascularization by migrating to the 

site of damage and differentiating to restore damaged cell types (13,68). However, the 

greatest potential of MSCs in terms of neovascularization is attributed to the trophic effects 

e.g. to prevent fibrosis and apoptosis, or to promote angiogenesis and arteriogenesis due to 

the production of cytokines for a paracrine action (33,50,73). A similar observation could be 

made in the animal model of pulmonary arterial hypertension. Here, the therapeutic use of 

bone marrow MSCs led to a reduced vascular remodeling and increased expression of 

VEGF (45). We found here that treatment with an inhibition of Mmp2 mimics the beneficial 

effect of MSC-therapy on vascular function in irradiated lungs. This implicates that up-

regulation of Mmp2 participates in the pathogenesis of radiation-induced vascular 

dysfunction. Moreover, previous studies have shown that BM-MSCs migrate to injured 

tissues, communicate with injured parenchyma cells, and function in wound healing through 

the production of paracrine-soluble cytokines/chemokines and growth factors which modulate 

the regeneration of the epithelium and endothelium and modulate the activation, proliferation, 

and downstream effects of inflammatory and immune cells in both the innate and adaptive 

immune systems (12,63,74). Therefore it is highly likely that the therapeutically applied 

MSCs exert their beneficial effects in the irradiated lungs by the secretion of multiple 

paracrine factors or the modulation of the secretory activity of damaged resident cells and/or 

recruited immune cells that have yet to be identified. 

Even more important, we demonstrate here for the first time that therapeutically applied 

MSCs also prevent the seeding of circulating tumor cells. The inhibitory effect of MSC on 

lung metastasis was associated with a reduction in RT-induced senescence of bronchial 
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epithelial cells and expression of SASP factors such as Ccl2. As outlined above, Ccl2 and 

Plau/uPA may be linked to the recruitment of CD11b+CD11c- myeloid cells to the lung and 

these cells have reported tumor-promoting activity (Fig. 8). This assumption is supported by 

the finding that metastatic cancer cells can co-opt chemokine pathways to migrate to distant 

sites, in particular those chemokines that normally regulate the migration of immune cells 

(53). Moreover it has been shown in rats that therapeutically applied MSCs can down-

regulate inflammatory mediators through paracrine effects and by reducing alveolar cell 

apoptosis and lung inflammation responses (72). However, the functional relevance of our 

observations for the mechanisms of MSC-mediated tissue protection needs to be addressed 

in future studies.  

Our data reveal that MSC have a high potential for the development of protective treatment 

strategies in irradiated patients. First clinical applications of stem cell transplantation indicate 

a potential of these cells in bone regeneration as well as immunosuppressive effects after 

allogeneic stem cell transplantation. Isolated from the bone marrow MSCs are already used 

in the clinic in patients with dilated myopathy, cartilage disorders, stroke, and autoimmune 

diseases (4,10,57). In line with these findings, we show here that intravenously applied 

MSCs lingered in the circulation and only single cells homed to irradiated lung tissue when 

cells where applied in the early phase of irradiation. Fortunately, no adverse effects on 

progression of lung pathology were found (not shown). 

In summary, the high radiosensitivity of lung resident cells plays a crucial role for radiation-

induced lung disease and the metastatic colonization of previously irradiated lungs by 

intravenously injected tumor cells or subcutaneously growing tumors. Adoptive transfer of 

MSCs counteracts radiation-induced vascular damage, bronchial-epithelial senescence, and 

metastasis of circulating tumor cells to the irradiated lungs. We speculate that down-

regulation of radiation-induced expression of endothelial Mmp2 and of the SASP factors Ccl2 

and Plau/uPA as well as a reduced infiltration of metastasis-promoting myeloid cells are 

involved in the protective action of MSC. However, the role of specific SASP factors for the 

niche-promoting effects of RT in the suspected network between damaged cells, immune 

cells and invading tumors cells remain to be demonstrated. These investigations will be 
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performed in further studies using mouse models deficient for single SASP factors or the 

respective specific inhibitors. Our results are of direct clinical relevance, since they contribute 

to an improved understanding of the mechanisms of the dose-limiting side effects of 

radiotherapy. This is a necessary step in the development of protective treatment strategies. 

 

Innovation  

The high intrinsic radiosensitivity of the lung tissue precludes the use of curative radiation 

doses and fosters a therapeutic failure by local tumor recurrence and metastasis. Here we 

demonstrate that therapy with BM-derived or vascular wall-derived MSCs protect the lung 

tissue from radiation-induced vascular dysfunction through inhibition of Mmp2 and 

antagonizes increased metastasis of circulating tumor cells to previously irradiated lungs. 

MSC-therapy also reversed radiation-induced senescence of epithelial cells and suppressed 

associated secretion of SASP factors and immune changes. Thus, MSC-therapy is a 

promising strategy to prevent radiation-induced local and systemic effects with suggested 

tumor-promoting potential. 
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Materials and Methods 

Tumor cells and mouse models 

B16F10 (ATCC® CRL-6475; ATCC, Manassas, VA) mouse melanoma and TS/A murine 

mammary adenocarcinoma cells were cultured in DMEM/10% FCS (5% CO2 at 37°C). The 

TS/A cell line is a moderately differentiated and immunogenic mammary adenocarcinoma of 

spontaneous BABL/c origin (28). Wild type C57BL/6 and BABL/c mice received 15 Gray of 

WTI in a single dose of a Cobalt 60 source (60Co γ-rays at 0.5 Gy/min) as previously 

described (69). Single cell suspensions of cultured MSCs (0.5*10(6) cells) were 

intravenously transplanted into the tail vein of WTI mice 24 hours or 14 days after irradiation 

or in sham irradiated (0Gy) control animals. Seeding of circulating tumor cells into the lungs 

was initiated 21 days after irradiation. Preliminary tests for cell numbers were performed in 

order to determine the optimal tumor cell number for intravenous injection and resulting 

quantifiable metastasis. Consequently, 1*10(6) B16F10 cells or TS/A cells were 

intravenously transplanted via the tail vein in the subsequent experiments. Fourteen days 

after tumor cell injection animals were sacrificed and lungs were isolated subjected for IHC, 

RNA or protein isolation.  

Additionally, we examined seeding of lung metastases in mice exposed to total body 

irradiation (TBI) and subsequent implantation of subcutaneous tumors (40). In brief, C57BL/6 

mice were lethally irradiated with a split dose (7+3 Gy) of a X-ray source (3Gy/min) and were 

intravenously transplanted with 2x106 unfractioned murine EGFP-expressing BM cells from 

C57BL/6-Tg(CAG-EGFP)1Osb/J transgenic donor mice (Jackson Laboratory, Bar Habor, 

ME). BM cells were harvested aseptically by flushing the tibias and femurs of adult animals 

and subjected to erythrocytes lysis. After BM reconstitution (4-6 weeks post-irradiation) 

B16F10 cells were subcutaneously implanted into the flanks of the mice. Two or 28 days 

later animals were sacrificed and lungs were isolated and lung histology was performed. All 

procedures involving mice were approved by the local institutional Animal Care Committee 

(Regierungspräsidium Düsseldorf Az84-02.04.2012.A137; 84-02.04.2012.A034). The Mmp2 

inhibitor ARP100 (sc203522, CAS 704888-90-4) was from Santa Cruz (Santa Cruz, CA). 
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Stock solutions of ARP100 were prepared by dissolving 5mg ARP100 in 200µl sterile DMSO. 

The stock solution was further diluted with sterile PBS for in vivo application. Intraperitoneal 

injections of ARP100 were given twice weekly at a final concentration of 15µg/g bodyweight 

(e.g. 15µl ARP100 stock solution + 85µl PBS per injection per mouse with a bodyweight of 

25 g). 

 

Isolation and purification of aortic MSCs and bone marrow MSCs 

Vascular wall resident MSC were isolated from aortas of C57BL/6-Tg(CAG-EGFP)1Osb/J 

mice (Jackson Laboratory, Bar Habor, ME) as previously described (40). In brief, tissue 

pieces were mechanically minced and dissociated for 15 minutes at 37°C in OptiMEM I 

medium containing 0.2% type 2-collagenase (CLS2, 43J14367B, ≥125 units per mg dry 

weight; Worthington, Lakewood, WA). Cells were washed twice in PBS/ 5% FCS. Pure 

MSCs were generated using a Sca-1 antibody (130-092-529) and MACS technology 

(Miltenyi Biotec, Bergisch Gladbach, Germany) according to the manufacturer's instructions. 

Primary MSCs were cultivated on plastic plates in DMEM/20% FCS. Medium was removed 

24 hours after initial plating and non-adherent cells were washed away. Primary cultures 

were clonally expanded under limiting dilution conditions. BM cells were harvested and 

cultured using complete DMEM/ 20% FCS as previously described (40).  

 

Vascular leakage 

Twenty-one days after irradiation vascular leakage was determined by Evans blue dye (EBD, 

E2129, Sigma-Aldrich, St. Louis, MO) or Alexa555-labelled BSA (A34786, Life Technologies, 

Carlsbad, CA) extravasation from the blood stream into the lung interstitium. Therefore 

100µg EBD or 50µg Alexa555-BSA/ 100µl PBS were intravenously injected into the tail vein. 

Two to four hours after injection animals received a deep anesthesia and were sacrificed by 

transcardial perfusion with PBS to remove the blood from the vascular system. Lungs were 

isolated and subjected for protein isolation and EBD extraction. Lung pieces were weighted 

and EBD exuded in the lung interstitium was extracted by incubating the tissue in 200µl 

formamide for 24 h at 65 °C, and dye concentrations were measured by absorption at 620 
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nm and related to the weight of lung tissue (µg of EBD per mg wet weight of the lung). 

Alexa555-BSA concentrations were determined by measuring fluorescence at 555 nm. 

. 

Western blot 

Whole cell lysates were generated by scraping cells into ice-cold RIPA-P buffer (150 mmol/L 

NaCl, 1% NP40, 0.5% sodium-desoxycholate, 0.1% sodium-dodecylsulfate, 50 mmol/L 

Tris/HCL pH8, 10 mmol/L sodium fluoride (NaF), 1 mmol/L sodium orthovandanate (Na3VO4) 

supplemented with complete Protease-Inhibitor-Cocktail (04693159001, Hoffmann-La 

Roche, Basel, Switzerland) and performing 2–3 freeze-thaw cycles. Protein samples (50–100 

µg total protein) were subjected to SDS-PAGE electrophoresis and Western blots were done 

as previously described using indicated antibodies (39). Mmp2 (H76, sc10736), p21 (F8, 

sc271610) and VE-Cad (C19, sc6458) antibodies were from Santa Cruz (Santa Cruz, CA), 

pTyr (P-Tyr-100, 9411S) antibody was from New England Biolabs (Ipswich, MA). 

 

Real-time RT-PCR 

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

manufacturer’s instruction and as previously described (38,39). Expression levels were 

normalized to the reference gene (beta actin; set as 1) and are shown as relative 

quantification. Specific primers were synthesized based on available sequences for each 

listened gene. Primer design was done with the program Primer 3 (http://frodo.wi.mit.edu/cgi-

bin/primer3/primer3_www.cgi). Cross-reaction of primers with the genes was excluded by 

comparison of the sequence of interest with a database (Blast 2.2, U.S. National Centre for 

Biotechnology Information, Bethesda, MD) and all primers used in our study were intron-

spanning. PCR products are 200-300 bp in size. Quantitative Real-Time RT-PCR was 

carried out using the specific oligonucleotide primers (Mmp2fw- gctccaccacatacaactttga, 

Mmp2bw-tcgggacagaatccatacttct, Mmp14fw-gcatccatcaatactgcctac, Mmp14bw-

tagtacttattgccccggaaga, Timp2fw-agaagaagagcctgaaccacag, Timp2bw-

ggtcctcgatgtcaagaaactc, Ccl2fw-gggcctgctgttcacagt, Ccl2bw- cctactcattgggatcatcttgct, 
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Plaufw- aaatggtgactcttaccgagga, Plaubw-taagagagcagtcatgcaccat) as previously described 

(38,39). 

 

Immunohistochemistry and electron microscopy 

Paraffin-embedded tissue sections were hydrated using a descending alcohol series, 

incubated for 10–20 min in target retrieval solution (DAKO, Glostrup, Denmark) and 

incubated with blocking solution (2% FCS/PBS). After permeabilisation, sections were 

incubated over night at 4°C with primary antibodies [Mmp2 (H76, sc10736), Plau/uPA (uPa; 

H-140, sc14019) both from Santa Cruz (Santa Cruz, CA) and Ccl2 (AA102-130, 

ABIN1108186) from antibodies-online (Atlanta, GA)].  Antigen was detected with an alkaline 

phosphatase-conjugated secondary antibody (1/250) and ALP staining (DAKO, Glostrup, 

Denmark). Nuclei were counterstained using hematoxylin. For fluorescence analysis [VE-

Cad (C19, sc6458 from Santa Cruz, Santa Cruz, CA), CD31 (DIA-310; Dianova, Hamburg, 

Germany)] the antigens were detected with anti-rat-Alexa488 and anti-mouse-Alexa555-

conjugated secondary antibodies (1/500) as previously described (41). Hoechst 33342 

(H1399, Life Technologies, Carlsbad, CA) was used for staining of nuclei. Electron 

microscopy was done as previously described (41). 

 

Senescence-associated beta-galactosidase (SA-βgal) activity 

Senescence-associated beta-galactosidase (SA-betagal) activity was detected as previously 

described using frozen sections of lung tissue at pH 6.0 (19). In brief, for the X-gal (5-bromo-

4-chloro-3-indolyl-β-D-galactopyranoside, B4252 Sigma-Aldrich, St. Louis, MO) staining 

procedure all working solutions were freshly prepared. Slides were fixed in 4% PFA for 30 

min at 4°C, rinsed with wash buffer for 4 × 5 min and developed by incubation of slides with 

X-gal staining solution (containing 0.1% X-gal, 5 mM potassium ferrocyanide, 5 mM 

potassium ferricyanide, 150 mM Sodium chloride, and 2 mM magnesium chloride in 40 mM 

citric acid/sodium phosphate solution, pH 6.0) for more than 12 h in 37°C incubator. The 

staining container was impermeable to normal light. After overnight staining, slides were 
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washed with PBS 3 × 5 min. All chemicals were from Sigma-Aldrich (St. Louis, MO) if not 

otherwise indicated. 

 

Lung histopathology 

For lung histology mice were narcotized using isoflurane (2-chloro-2-(difluoromethoxy)-1,1,1-

trifluoro-ethane) and killed by transcardial perfusion with PBS. Whole lungs were taken out 

and lung tissue was fixed in 4% formalin and subsequently embedded in paraffin. Three to 

four 5-μm paraffin longitudinal cross-sections were taken per mouse lung at the midpoint 

through the lung block depth. Sections were stained with hematoxylin and eosin for 

histological evaluation. Samples were then analyzed microscopically with a 20× objective. 

Metastatic lesions/foci were quantified by counting numbers of nodules in at least 3 whole 

cross-sections per lung and averages for individual animals were calculated. Depicted data 

represent the mean values of all mice per group (mean of single average number for each 

mouse/ mouse number) as indicated. 

 

Phenotyping of lung leukocytes by flow cytometry 

Crude cell extracts of freshly isolated lungs were generated and FACS analysis was 

performed as previously described (69). Lung cell suspensions were stained with anti-mouse 

CD45 (30-F11; Cat. 103126) for determination of leukocytes in the lung tissue. Lung cells 

were further fluorochrome-labeled with anti-mouse Ly6C (HK1.4; Cat. 128006), CD11b 

(M1/70; Cat. 101228), and CD11c (N418; Cat. 117309). All antibodies used in this study 

were obtained from BioLegend (San Diego, CA), respectively. Flow cytometric 

measurements were performed on a BD LSRII flow cytometer using FACS DIVA software. 

Analysis of data sets was done using BD CellQuest Pro software (all from BD Bioscience, 

Franklin Lakes, NJ). 

 

Statistical Analysis 

If not otherwise indicated, data were obtained from 3 independent experiments with at least 3 

mice each. Mean values were calculated and used for analysis of standard error (SEM) as 

 Page 24 of 47 

A
nt

io
xi

da
nt

s 
&

 R
ed

ox
 S

ig
na

lin
g

T
he

ra
py

 w
ith

 m
ul

tip
ot

en
t m

es
en

ch
ym

al
 s

tr
om

al
 c

el
ls

 p
ro

te
ct

s 
lu

ng
s 

fr
om

 r
ad

ia
tio

n-
in

du
ce

d 
in

ju
ry

 a
nd

 r
ed

uc
es

 th
e 

ri
sk

 o
f 

lu
ng

 m
et

as
ta

si
s 

(d
oi

: 1
0.

10
89

/a
rs

.2
01

4.
61

83
)

T
hi

s 
ar

tic
le

 h
as

 b
ee

n 
pe

er
-r

ev
ie

w
ed

 a
nd

 a
cc

ep
te

d 
fo

r 
pu

bl
ic

at
io

n,
 b

ut
 h

as
 y

et
 to

 u
nd

er
go

 c
op

ye
di

tin
g 

an
d 

pr
oo

f 
co

rr
ec

tio
n.

 T
he

 f
in

al
 p

ub
lis

he
d 

ve
rs

io
n 

m
ay

 d
if

fe
r 

fr
om

 th
is

 p
ro

of
.



25 

25 
 

indicated by error bars. Statistical significance was evaluated by 1-way or 2-way ANOVA 

followed by Bonferroni’s multiple comparison post-test. Statistical significance was set at the 

level of P ≤ 0.05. Data analysis was performed with Prism 5.0 software (GraphPad, La Jolla, 

CA).  

 

 

 

Acknowledgements 

We thank L. Lüdemann and M. Groneberg for support with the irradiation of mice, Mohamed 

Benchellal, Inge Spratte and Eva Gau for their excellent technical assistance. The work was 

supported by grants of the DFG (GRK1739/1; JE275/1) the BMBF (ZISS 02NUK024-D), and 

the UK Essen/IFORES (D/107-81040). Contributions: D.K., A.S., R.I. and F.W. and K.U. 

performed experiments, H.J. performed electron microscopy, D.K. supervised and analysed 

results and made the figures; K.U. and M.S. provided materials; D.K. and V.J. designed 

research and wrote the paper. All authors read and approved the manuscript. 

 

Author Disclosure Statement 

The authors state that there are no personal or institutional conflicts of interest. 

 

 Page 25 of 47 

A
nt

io
xi

da
nt

s 
&

 R
ed

ox
 S

ig
na

lin
g

T
he

ra
py

 w
ith

 m
ul

tip
ot

en
t m

es
en

ch
ym

al
 s

tr
om

al
 c

el
ls

 p
ro

te
ct

s 
lu

ng
s 

fr
om

 r
ad

ia
tio

n-
in

du
ce

d 
in

ju
ry

 a
nd

 r
ed

uc
es

 th
e 

ri
sk

 o
f 

lu
ng

 m
et

as
ta

si
s 

(d
oi

: 1
0.

10
89

/a
rs

.2
01

4.
61

83
)

T
hi

s 
ar

tic
le

 h
as

 b
ee

n 
pe

er
-r

ev
ie

w
ed

 a
nd

 a
cc

ep
te

d 
fo

r 
pu

bl
ic

at
io

n,
 b

ut
 h

as
 y

et
 to

 u
nd

er
go

 c
op

ye
di

tin
g 

an
d 

pr
oo

f 
co

rr
ec

tio
n.

 T
he

 f
in

al
 p

ub
lis

he
d 

ve
rs

io
n 

m
ay

 d
if

fe
r 

fr
om

 th
is

 p
ro

of
.



26 

26 
 

List of Abbreviations 

ALP  alkaline phasphatase 

Ao  aorta 

BM  bone marrow 

Ccl2  chemokine (C-C motif) ligand 2 

DMEM  Dulbecco's Modified Eagle's Medium 

DMSO  Dimethylsulfoxide 

EBD  Evans blue dye 

EC  endothelial cell 

EGFP  enhanced green fluorescent protein 

FCS  fetal calf serum 

GM-CSF Granulocyte-macrophage colony-stimulating factor 

Gy  Gray 

IR  ionizing radiation 

IHC  immunohistochemistry 

MLEC  mouse lung endothelial cells 

Mmp2  matrix metalloproteinase 2 

Mmp14 matrix metalloproteinase 14 

MSC  multipotent stem cell 

MSC  mesenchymal stem cell 

PBS  phosphate buffered saline 

Plau/uPA urokinase-type plasminogen activator 

RT  radiotherapy 

SASP  senescence-associated secretory phenotype 

SD  standard deviation 

SEM  standard errorof the mean 

Timp2  tissue inhibitor of metalloproteinases 2 

TS/A  metastasizing cell line from a BALB/c spontaneous mammary 

adenocarcinoma 
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VE-Cad vascular endothelial cadherin 

WTI  Whole thorax irradiation 
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Figure Legends 
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Figure 1 

Ionizing irradiation increases metastasis formation in previously irradiated lung tissue 

(A) Wild type C57BL/6 and BALB/c mice received 15 Gray of whole thorax irradiation (WTI). 

Seeding of circulating tumor cells into the lungs was initiated 21 days after irradiation. 

Therefore, 1*10(6) B16F10 cells were intravenously transplanted via the tail vein of C57BL/6 
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mice and 1*10(6) TS/A cells into BALB/c mice. Fourteen days after tumor cell injection 

animals were sacrificed, lungs were isolated and subjected for lung histopathology. 

Photographs show an increased formation of metastasis in irradiated lungs 14 days after 

tumor cell injection in both mouse strains. Scalebar = 100 µm, magnification scale bar = 

25µm. (B) Lung metastasis formation was assessed and counted in whole lung sections after 

hematoxylin staining. Data are presented as mean ± SEM from three independent 

experiments (C57BL6/15Gy: n= 10; 0Gy: n= 13; BALB/c 15Gy: n= 11; 0Gy: n= 9). P-values 

were indicated: *P ≤ 0.05 by two-way ANOVA followed by post-hoc Bonferroni test. (C) 

B16F10 tumor cells were subcutaneously transplanted into the flank of bone marrow 

reconstituted C57BL/6 mice after a lethal total body irradiation (TBI; splitting dose 7 + 3 Gy). 

After a survival time of 2 or 28 days animals were sacrificed, tissues were isolated and 

subjected to histopathological analysis. Photomicrographs visualize the increased metastatic 

spread to previously irradiated lungs in mice bearing subcutaneously growing tumors. 

Scalebar = 20 µm. Quantification of tumor cell extravasation (here designated as 

micrometastasis) and subsequently formed macrometastasis was performed in hematoxylin 

stained whole lung sections (left panel); data are presented as mean ± SEM from four 

independent experiments (28d/ 10Gy: n = 22; 0Gy: n = 11; 2d/ 15Gy: n = 18; 0Gy: n = 11). P-

values were indicated: *P ≤ 0.05, **P ≤ 0.01 by two-way ANOVA followed by post-hoc 

Bonferroni test. “(To see this illustration in color the reader is referred to the web version of 

this article at www.liebertonline.com/ars)” 
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Figure 2 

Thorax-irradiation induces vascular endothelial cell damage 

(A) Mice were irradiated over the whole thorax (single fraction 15Gy WTI), sacrificed 21 days 

after radiation and lungs were subjected to electron microscopic analysis (n = 3 per group). 

Sham control animals underwent the same procedure without irradiation. A defective and 

irregular basement membrane lining arterial endothelial cells (EC) is emphasized by arrow 

heads. Partially degraded mitochondria (dM) and numerous vacuoles (Vac) present in EC 

are indicated by arrows. SMC smooth muscle cell, eMem elastic membrane, WP Weibel 

Palade bodies, bExo Basolateral exocytosis, CT connective tissue, Lu lumen, EJ endothelial 

cell junctions. Scale bar: A1-A3 = 10 µm, A4 = 2µm) (B) To confirm the regular arrangement 

of endothelial cell junctions (EJ in panel A4) the total amount of VE-cadherin (VE-Cad; left 

panel) as well as its low phosphorylation status and the proper association with beta-catenin 

was demonstrated by co-immunoprecipitation of VE-Cad (IP: VE-Cad; right panel) and 

Western blot analysis of protein cell lysates obtained from whole mouse lungs. Beta-actin 

was included as a loading control. The different IP-samples were divided into two and loaded 

on two different gels (with equal protein amounts used. One membrane was used for 

incubation with the first antibody (anti pTyr) and afterwards reprobed with anti VE-Cad. The 

second gel was incubated with anti beta-catenin antibody (#, different animals, SMA smooth 

muscle actin, pTyr phosphotyrosine). (C) Real-Time RT-PCR quantification of VE-Cad 

mRNA expression in total lung RNA isolates derived 21 days after irradiation from control as 

well as WTI animals was performed. Expression levels were normalized to the reference 

gene (beta Actin) and are shown as relative quantification. (D) Cell surface localization of 
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VE-Cad in lung endothelial cells was further confirmed by immunocolocalization of VE-Cad 

(red) and CD31 (green) expressions. Representative images of three independent 

experiments are shown. Scale bar = 10 µm. “(To see this illustration in color the reader is 

referred to the web version of this article at www.liebertonline.com/ars)” 
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Figure 3 

MSC-therapy normalizes endothelial cell morphology and vascular function and limits 

lung metastasis after thorax irradiation 

C57BL/6 mice were left untreated or received a 15Gy WTI. Single cell suspensions of 

cultured MSCs (0.5*10(6) cells) derived from the aorta (Ao) or from the bone marrow (BM) 

were intravenously transplanted into the tail vain of control or WTI mice 24 hours or 14 days 

after irradiation as indicated (five mice per group). (A) After 21 days vascular leakage was 

determined by Evans blue dye extravasation (EBD) from the blood stream to the lung 

interstitium. Dye concentrations in the isolated lungs were quantified by absorption 

measurements and related to the weight of lung tissue. P-values indicate: *P ≤ 0.05 (n = 5) 

by one-way ANOVA followed by post-hoc Bonferroni test. (B) Morphological analysis of lung 

blood vessels was done using electron microscopy. Scale bar B1 = 20 µm, B2-B4 = 5 µm. A 

regular vessel structure as well as endothelial cell (EC) morphology was present in the lungs 

of MSC-treated animals (B1-4). Ultrastructural analysis further demonstrated a normalized 

presence of undifferentiated cells (putative stem cells, pSC) in the blood stream as well as in 

the alveolar space. SMC smooth muscle cell, eMem elastic membrane, WP Weibel Palade 

bodies, Ery erythrocytes, ASp alveolar space, Lu lumen, TypII alveolar epithelial cell type II, 

CT connective tissue. (C) 21 days after irradiation immunofluorescence staining for GFP 
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(green) and CD31 (red) on lung sections was performed (left panel). Scale bar = 20 µm. 

Peripheral blood samples were obtained 25 weeks after irradiation and circulating GFP+ 

MSCs were quantified via flow cytometry. No GFP expression was detected in the control 

(0Gy) and WTI-irradiated animals (15Gy). Data are presented as mean ± SEM (5-7 animals 

per group; right panel). Data is not significant as analyzed by two-way ANOVA followed by 

post-hoc Bonferroni test. (D) Seeding of circulating tumor cells into the lungs was analyzed 

21 days after irradiation and MSC application (BM/Ao24h, BM/Ao14d) by intravenously 

injection of 1*10(6) B16F10 cells into the tail vein. Sham-irradiated and AoMSC-treated 

animals served as controls (0GyAo24h). After 14 days of tumor cell injection animals were 

sacrificed, lungs were isolated and subjected for lung histology. Lung metastasis formation 

was quantified in whole lung sections. Shown are mean values of three different experiments 

with a minimum of 8 animals per group (90 mice in total). Symbols depict single mice. P-

values were indicated: *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001 by two-way ANOVA followed by 

post-hoc Bonferroni test (comparison to 15Gy). (E) To further rule out that MSC-therapy had 

no metastasis promoting affects on previously grown tumors, untreated C57BL/6 mice were 

intravenously injected with 2*10(6) B16F10 cells into the tail vein and metastasis formation 

and growth was allowed for 14 days (animal group w/o). Two sets of animals received 

subsequently a 15Gy-WTI and one set in addition a single cell suspension of cultured MSCs 

(0.5*10(6) cells) derived from the aorta (15GyAo24h). After another 21 days animals were 

sacrificed and lungs metastasis formation was quantified in whole lung sections (w/o: n = 10; 

15Gy: n = 7; 15GyAo24h: n = 7). “(To see this illustration in color the reader is referred to the 

web version of this article at www.liebertonline.com/ars)” 
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Figure 4 

MSC treatment inhibits radiation-induced endothelial Mmp2 expression 

C57BL/6 mice were left untreated or received a 15Gy WTI and were subsequently 

transplanted with cultured Ao or BM MSCs (0.5*10(6) cells) 24 hours after irradiation as 

indicated. (A) Real-Time RT-PCR quantification of the metastasis associated genes matrix 

metalloproteinase 2 (Mmp2) as well as its activator Mmp14 and the co-factor tissue inhibitor 

of metalloproteinases 2 (Timp2) in total lung RNA isolates derived 21 days after irradiation 

from control as well as WTI animals with or without subsequent MSC-therapy. Expression 

levels were normalized to the reference gene (beta Actin) and are shown as relative 

quantification. P values were indicated: *P<0.05, **P<0.01, #P<0.001 as analyzed by two-

way ANOVA followed by post-hoc Bonferroni test (comparison to 15Gy). (B) Mmp2 

expression was further analyzed in whole protein lysates using Western blot analysis. 

Representative blots from four different experiments are shown. Protein lysate from 

subcutaneously grown tumors of Lewis lung carcinoma cells (LLCTx) were included as 

positive control. For quantification blots were analyzed by densitometry and the Mmp2 signal 

was related to beta-actin. P-values were indicated: *P ≤ 0.05, by one-way ANOVA followed 

by post-hoc Bonferroni test (comparison to 15Gy). (C) Lungs were dissected 21 days after 
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WTI and subjected to IHC analysis. Vessels were stained for Mmp2 using alkaline 

phosphatase staining (red). Nuclei were counterstained with Hemalaun (blue). 

Representative lung photographs from five different mice are shown. Scale bar = 25 µm, 

magnification scale bar = 10µm. “(To see this illustration in color the reader is referred to the 

web version of this article at www.liebertonline.com/ars)” 
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Figure 5 

Mmp2 inhibition normalizes vascular function and but does not significantly alter WTI-

induced seeding of circulating tumor cells  

C57BL/6 mice received a WTI with 15Gy and were subsequently left untreated or received 

intraperitoneal injections of the selective Mmp2 inhibitor ARP100 (Mmp2 Inh; 15µg/g 

bodyweight) twice a week for 3 weeks post-irradiation. (A) Vascular leakage was determined 

at day 21 post-WTI by measuring extravasation of intravenously injected Alexa555-BSA to 

the lung interstitium 2-4h prior to the end of the experiment. Therefore 50µg BSA was 

intravenously injected into the tail vein prior sacrifice of mice by transcardial perfusion. Levels 

of extravasated Alexa555-BSA were determined in total cell lysates by measuring 

fluorescence intensity/ mg lysate. Data show means ± SEM (n = 4); *P ≤ 0.05, by one-way 

ANOVA followed by post-hoc Bonferroni test.  (B) Vascular leakage was further visualized by 

fluorescence-labeled BSA extravasation from the blood stream to the lung interstitium by 

immunofluorescence analysis. Tissue sections were stained for endothelial cells (CD31, 
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green). Fluorescence-labeled BSA is shown in red. Scale bar = 25 µm. (C) Morphological 

analysis of lung blood vessels was done using electron microscopy. Representative electron 

microscopy pictures of lung tissue from mice exposed to 15Gy WTI alone or the 15Gy WTI 

plus Mmp2 inhibitor as indicated are shown. SMC smooth muscle cell, eMem elastic 

membrane, Lu lumen, CT connective tissue. Scale bar: left and middle photograph = 10 µm, 

right photograph = 2µm. (D) Seeding and metastasis of circulating tumor cells to the lungs 

was analyzed 21 days after irradiation by intravenous injection of 1*10(6) B16F10 cells into 

the tail vein in mice exposed to 0Gy (sham control), 15Gy, or 15Gy WTI plus Mmp2 inhibitor 

treatment, respectively. 14d after tumor cell injection animals were sacrificed and lungs were 

isolated for quantification of lung metastases in whole lung sections after hematoxylin 

staining. (n=5 mice per group). Data show representative pictures of hematoxylin-stained 

lung sections. Scale bar = 100 µm. (E) Data show quantification of metastasis counts per 

lung section. Symbols depict separate mice; small black lines indicate means; numbers in 

the graph indicate P-values ***P ≤ 0.001 (comparison to 15Gy) by one-way ANOVA followed 

by post-hoc Bonferroni test. The difference in mean counts of WTI mice and Mmp2 inhibitor-

treated WTI mice (n = 6) is not significant. “(To see this illustration in color the reader is 

referred to the web version of this article at www.liebertonline.com/ars)” 
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Figure 6 

MSC treatment counteracts radiation-induced senescence of bronchial-alveolar 

epithelial cells  

C57BL/6 mice were left untreated or received a 15Gy WTI and were subsequently 

transplanted with cultured Ao or BM MSCs (0.5*10(6) cells) 24 hours after irradiation as 

indicated. (A) Senescence-associated beta-galactosidase activity was assessed using frozen 

sections of lung tissue at 21 days after irradiation. Photomicrographs depict representative 

pictures of three independent experiments. Scale bar = 100 µm, M1 = 50µm, M2 = 10µm). 

(B) Real-Time RT-PCR quantification of the cellular senescence mediator gene cyclin-

dependent kinase inhibitor 1 (Cdkn1a, p21) was done using total lung RNA isolates. (C) 

Cdkn1a expression was further analyzed in whole lung protein lysates using Western blot 

analysis. Representative blots from three different experiments are shown. (D) Infiltrating 

CD45+ leukocytes were quantified by counting numbers of specific CD45-positive 

immunoreactive structures in four randomly chosen optical fields. Data are presented as 

mean  SEM from four independent experiments. P-values were indicated: *P ≤ 0.05, **P < 

0.01 by two-way ANOVA (B,D) followed by post-hoc Bonferroni test (comparison to 15Gy). 
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“(To see this illustration in color the reader is referred to the web version of this article at 

www.liebertonline.com/ars)” 
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Figure 7 

Radiation-induced expression of SASP factors is accompanied by an increased 

recruitment of inflammatory myeloid cells. 

C57BL/6 mice were left untreated or received a 15Gy WTI and were subsequently 

transplanted with cultured Ao or BM MSCs (0.5*10(6) cells) 24 hours after irradiation as 

indicated. Lungs were collected at 21 days post-irradiation for further analysis. (A) Real-Time 

RT-PCR quantification of the SASP factors urokinase-type plasminogen activator (uPA/ Plau) 

and chemokine (C-C motif) ligand 2 (Ccl2) was done using total lung RNA isolates. P values 

were indicated: *P<0.05, #P<0.001 as analyzed by two-way ANOVA followed by post-hoc 

Bonferroni test. (B) Immunohistochemical analysis of Ccl2 (upper panel) and Plau (lower 

panel) expression using alkaline phosphatase staining (red). Nuclei were counterstained with 

Hemalaun (blue). Representative lung photomicrographs of four different mice are shown. 

(Scale bar = 100 µm; magnification of 15Gy photographs scale bar = 40 µm). (C+D) 

Leukocytes in crude cell extracts of freshly isolated lung tissue were identified using CD45 

expression and FACS analysis. Myeloid cells were further characterized using Ly6C (C) and 

CD11b, CD11c (D) antibodies. The gating strategy is shown in dotplots (D left panel): CD45+ 

leukocytes were gated from total lung cells and were further analyzed against CD11b and 
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CD11c. CD11b+ cells were sub-classified into high CD11b expressing cells (designated as 

“CD11b+ cells”) and intermediate CD11b expressing cells (designated as “CD11b int cells”). 

CD45+ CD11b int/ CD11c int (gate 3) were designated as monocytes/ macrophages, 

CD11b+/ CD11c- (gate 4) as granulocytes/monocytes/neutrophils, CD11b+/ CD11c+ (gate 2) 

as macrophages/dendritic cells, and CD11b int/CD11c+ (gate 1) as alveolar macrophages. 

Data are presented as mean ± SEM from five independent experiments (0GyAo24h: n = 4; 

0GyBM24h: n = 4; 0Gy: n = 15; 15Gy: n = 15; 15GyAo24h: n = 12; 15GyBM24h: n = 9). P-

values were indicated: *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001 as analyzed by two-way ANOVA 

followed by post-hoc Bonferroni test [for C: F-factors 0.48 (interaction), 11.77 (cf / Gy), 1.268 

(rf / treatment); for D: F-factors 9.026 (interaction), 1.025 (cf / Gy), 327.5(rf / marker)]. “(To 

see this illustration in color the reader is referred to the web version of this article at 

www.liebertonline.com/ars)” 
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Figure 8 

MSC-therapy counteracts a tumor-promoting paracrine network initiated by radiation-

induced damage to resident cells 

Though the reason for the formation of micrometastasis in specific organs is still unknown, 

this process requires adhesion of the tumor cells to the vessel wall and subsequent 

emigration into the surrounding tissue. Normal lung capillaries provide an efficient barrier to 

tumor cell extravasation. WTI considerably enhanced tumor cell extravasation and lung 

metastasis. Pro-invasive cellular activities were accompanied by radiation-induced 

endothelial cell damage and up-regulation of the Mmp2-Mmp14-Timp2 axis as well as 

increased senescence-associated secretory phenotype (SASP) factor production (Plau/uPA, 

Ccl2) by senescent bronchial-alveolar epithelial cells. In addition, an increased number of 

immune cells were recruited to previously irradiated lung tissue; in particular the number of 

CD11b+CD11c- myeloid cells was significantly increased after radiation therapy. The pro-

metastatic radiation effect was blocked by treating mice with cultured multipotent 

mesenchymal stromal cells (MSCs) derived either from bone marrow (BM) or from aorta (Ao) 
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within the first 2 weeks after irradiation. This study provides novel insight into the 

mechanisms of radiation-induced tumor-promoting effects and potential protective strategies. 

“(To see this illustration in color the reader is referred to the web version of this article at 

www.liebertonline.com/ars)” 
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