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SUMMARY

Radiotherapy is the second most important treatmeosdality after surgery in the
treatment of cancer. Recent technical advancemsuat$) as intensity-modulated radiation
therapy (IMRT) or image-guided radiation therap@RIT), combined with new targeted
drugs have significant promise for therapeutic oote. However radiation treatment could
result in disabling normal tissue injury and in tievelopment of progressive fibrosis in a
subset of sensitive patients and in long-term casoevivors. The main feature of tissue
fibrosis is excessive accumulation of abnormal enods-linked collagen mainly composed of
fibrillar and immature extracellular matrix (ECMymponents.

The organs that can be affected by this phenomarmiiver, skin, intestine, kidneys
and lungs. From a clinical point of view, fiborosian be seen as an irreversible condition,
without solution.We and others recently showed that beside theadictiv of the canonical
TGF$/Smad pathway, other intracellular signaling caesadhcluding the Rho/ROCK
pathway are switched on in fibrotic tissues. Ind@ngly, the Rho/ROCK pathway seems
differentially activated in radiation-induced intiesl fibrosis, thereby providing a rationale
for a specific, targeted anti-fibrotic strategy.aRhacological inhibition of Rho using statins
indeed prevent and even reverse intestinal radiditioosis.

In our studies, we showed the role of Statin (Pstatan e Simvastatin) and a specific
inhibitor ROCK inhibitors (Y-27632) in a mice modelf pulmonary induced-fibrosis
obtained by a pharmacological approach (BleomyddiM). Indeed, we developed a model
of lung fibrosis by complete irradiation of chesidatested Pravastatin action. In this model
and in a model of radiation induced gut fibrosig€ analysed, from a immunohistological
point of view, the underlying mechanisms of thafdorbtic action of Pravastatin via MMP2-
TIMP2 axis. Finally,in vitro, we investigate by zymography the expression da@mses
(MMP2 and MMP9) in primary lung fibroblasts cultgsrexposure at the different radiation

and Pravastatin doses.



In our animal model of pulmonary fibrosis, Pravéeteeverts the fibrotic process and,
in vivo andin vitro, metalloproteases would appear to be in turn wealin pro-fibrolytic
mechanisms induced by statin.

The multiplicity of actors involved in the pathogsis of fibrotic lesions explains why
the definition of an effective therapeutic stratéggo complex.

Researches in mechanistic processes of normaktdmmage paved the way for new
therapeutic approaches. These new targets incladiiction of vascular activation,
inflammation and thrombosis and new molecular targkefinition. Effective strategies are
multiple on preclinical models, but numerous eBofiave to be made to achieve the

complicated goal of protection of normal tissuesrfrthe side effects of radiation therapy.



RIASSUNTO

La radioterapia € la seconda modalita di trattament importante dopo chirurgia nel
trattamento delle neoplasie. | recenti progressiité, come la terapia ad intensita modulata
(IMRT) o l'image-guided radioterapia (IGRT), in cbmazione con nuovi farmaci ad azione
mirata come gli anticorpi monoclonali, costituiscomdteriore garanzia di incremento
dell'indice terapeutico. Tuttavia il trattamentodi@nte pu0 causare un’alterazione del
normale processo di riparazione e indurre lo spitupdi un quadro di fibrosi in un
sottogruppo di pazienti sensibili e nei lungo-sepiegenti al cancro. La caratteristica
cardinale della fibrosi radioindotta & I'eccessaanomalo accumulo di collagene composto
principalmente di componenti fibrillari e immatuwtella matrice extracellulare (ECM).

Gli organi che possono essere interessati da guestomeno sono fegato, pelle,
intestino, reni e polmoni. Da un punto di vistano, la fibrosi puo essere vista come una
condizione irreversibile, senza soluzione. Noi #d secentemente abbiamo mostrato che
accanto alla attivazione della via canonica Tgs&mad, altre vie vengono attivate nei tessuti
fibrotici come la cascata di segnalazione intratate della via Rho/ROCK. Interessante
notare che la via Rho/ROCK sembra specificatamattiteata nella radiazione indotta fibrosi
intestinale, fornendo cosi una spiegazione razéopal una specifica, mirata strategia anti-
fibrotica. L'inibizione farmacologica di Rho con $tatine infatti € in grado di prevenire e
addirittura invertire i fenomeni di fibrosi inteséle post-attinica.

Grazie a queste premesse, nei nostri studi, abbiaogirato il ruolo delle statine
(Pravastatina e Simvastatina) e di uno specifigutore di ROCK (Y-27632) in un modello
murino di fibrosi polmonare indotta ottenuto con approccio farmacologico (bleomicina -
BLM). In seguito, abbiamo sviluppato un modello dbrosi polmonare indotta
dall'irradiazione completa del torace e valutatarigposta alla somministrazione della
Pravastatina. In questo modello ed in un modellbbdosi intestinale indotto da radiazioni,

abbiamo analizzato, da un punto di vista immuntmogioo, i meccanismi sottostanti l'azione
8



antifibrotica della pravastatina e il ruolo delleetalloproteasi (MMP2 e TIMP2). Infinén
vitro, abbiamo indagato, mediante zimografia, I'espoessdelle gelatinasi (MMP2 e MMP9)
in culture primarie di fibroblasti polmonari muriesposti a differenti dosi di radiazione e
pravastatina.

Nel nostro modello animale di fibrosi polmonarePlavastatina € in grado di rendere
reversibile il processo fibrotico e le metallopaeparrebbero essere a loro volta coinvolte,
in vivo andin vitro, nei meccanismi pro-fibrolitici indotti dal farmaco

La molteplicita di attori coinvolti nella patogemeselle lesioni fibrotiche spiega
perché la definizione di una strategia terapeudiffcace € cosi complessa. Ricerche nei
processi meccanicistici di danno ai tessuti norrhalino aperto la strada a nuovi approcci
terapeutici. Questi nuovi obiettivi comprendono riduzione dell’ attivazione vascolare,
dell'infiammazione e della trombosi, oltre allaidefione di nuovi target molecolari. Esistono
molteplici ed efficaci strategie su modelli predin ma numerosi sforzi devono essere fatti
per raggiungere il complicato obiettivo di proteggetessuti normali dagli effetti collaterali

della radioterapia.



RESUME

La Radiothérapie occupe la deuxiéme place dansstia de traitement du cancer le
plus important apres chirurgie. Le progres technigg@ent, comme la radiothérapie avec
modulation d'intensité (IMRT) ou la radiothérapigdge par I'image (IGRT), en combinaison
avec de nouveaux médicaments a action spécifidsigue les anticorps monoclonaux, sont
une garantie d'augmentation de lindex thérapeetiqbependant, la radiothérapie peut
provoquer un’ altération du processus normal daregn et d'induire le développement d'un
cadre de fibrose dans un sous-ensemble de pasienssbles et dans les survivants a long
terme de cancer. La principale caractéristiqueadéblrose radio-induit est I'accumulation
excessive et anormale de collagéne composé priaopat des éléments fibrillaire et
immatures de la matrice extracellulaire (ECM).

Les organes qui peuvent étre touchés par ce phémosunt le foie, la peau, les
intestins, les reins et les poumons. D'un pointwke clinique, la fibrose peut étre considérée
comme une condition irréversible, sans solution. S\etud'autres ont récemment montré que,
outre l'activation de la TGB/Smad canonique, d'autres voies sont activées ldangssus
fibreux tels que la cascade de signalisation iethalaire Rho/ROCK. Fait intéressant, la
facon dont Rho/ROCK semble spécifiguement activésda fibrose intestinale radio-induite,
fournis une justification pour un stratégie antirfitique ciblé. L’ inhibition pharmacologique
de Rho avec les statines, en fait, est en mesupeédenir et méme inverser les phénomenes
de fibrose post-actinique intestinale.

Avec ces prémisses, dans nos études, nous avongémlentréle des statines
(Simvastatine et Pravastatine) et d'un inhibitgqucique de ROCK (Y-27632) dans un
modele murin de fibrose pulmonaire obtenue avec wapproche pharmacologique
(Bléeomycine - BLM) . Par la suite, nous avons deppE un modéle de fibrose pulmonaire
induite par lirradiation complet du thorax et é@lla réponse a l'administration de la

Pravastatine. Dans ce modele, et dans un modéfibrdse intestinale radio-induite, nous
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avons analysé, grace a Ilimmunohistochimie, les amidmes sous-jacents I'action
antifibrotique de la Pravastatine et le réle desaitagprotéases (MMP2 et TIMP2). Enfim
vitro, nous avons étudié par zymographie, I'expressiengdééatinases (MMP2 et MMP9)
dans des cultures primaires de fibroblastes pulmemanurins exposées a différentes doses
de rayonnement et de Pravastatine.

Dans notre modele animal de fibrose pulmonair@réevastatine est capable d'inverser
le processus fibrotique et les métalloprotéasebegmnétre impliqués a leur toun, vivoetin
vitro, dans les mécanismes pro-fibrolyse induits panédicament.

La multiplicité des acteurs impliqués dans la pbyathologie de lésions fibrotiques
explique pourguoi la mise en place d'une stratégeapeutique efficace est si complexe. La
recherche dans les processus mécaniques de domawegessus normaux ont ouvert la voie
a de nouvelles approches thérapeutiques. Ces mesinagbles comprennent la réduction de
'inflammation, de l'activation vasculaire et de ttarombose, ainsi que la découverte de
nouvelles cibles moléculaires. Il existe une varidé modeles précliniques et des stratégies
efficaces, mais de nombreux efforts doivent étig@alés pour atteindre I'objectif difficile de

protéger les tissus normaux des effets second#grésradiothérapie.
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PROBLEMATIC
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Radiation oncology is a cornerstone of modern msitiplinary cancer treatment. It has a
place in the management of most common types dferarither as a single modality and
organ-preserving alternative to surgery, for exanpl organ-confined prostate cancer, or as
an element in a sequence of treatment steps, |uah adjuvant radiotherapy after breast-
conserving surgery for breast carfcer

Strategies to improve the outcome of radiotherapyetaimed to improve tumor control rates,
thereby increasing the chances of cure in radicatiuvant therapy and the rates of symptom
response in palliative situations. Thanks to teobgiohl advances like Image Guided
Radiotherapy (IGRT) and Intensity Modulation Raidiat Therapy (IMRT), reduction of
toxicity and late effects on healthy tissue waso ghartially gained. At the same time,
evolution of the standard of care toward combimatleerapies (radiotherapy + chemotherapy
+ targeted drugs) does enhance the rate and gegébbth acute and delayed complications
at the normal tissue level

The physiopathology of normal tissue injury has rbextensively studied by radiation
oncologist and radiation biologist. Today, normssue toxicity is known to be the result of
treatment modalities, tumor type and patient's ab@ristics that include biological
heterogeneity, genetic factors, co-morbiditiétissue response to radiotherapy depends upon
the total dose delivered and the volume irradiabecddition, radiation therapy is delivered
fractionated and thus causes multiple and iteragdldilar injuries. Radiation produces free
radicals, damages to the vasculature, induces @adasf local and systemic cytokine and
chemokine expression, elicits inflammatory respomsel causes death of cells. The tumor
itself also leads to architectural destructionhsd brgan affected, releases cytokines, affects
the immune system, and alters vascular permeabitdyients may have underlying medical
conditions predisposing to injury (e.g., diabetpspr underlying pulmonary function, or
certain collagen vascular diseases) or have gemsesceptibility. All these factors may

contribute to individual radiation sensitivity atieeir relative importance is difficult to assess.
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Nonetheless, it is becoming clear that abnormataemvironmental conditions exist that are
sustained long after the beam is turned off, thegsirare discontinued, and the tumor is
eradicated, which appear to be responsible forpiapetuation of the tissue atrophy or
hypertrophy, loss of epithelial/vascular/parenchymeells, and excessive fibrosis
characteristic of late normal tissue injury aftancer therapy.

Research over the past 15 years has led to a betierstanding of the underlying molecular
events responsible for the development of norrsalig injury after cancer therdpy’
Characterization of the signalling pathways invdiva radiation-induced fibrogenesis has
mostly focused on one potent fibrogenic growth dacthe transforming growth factgyl
(TGF-$1)® and today, inhibitors of TGF-b1 such as Pirfenidare used in the clinic to halt
progression of Idiopathic Pulmonary Fibrosis (IPKJore particularly, in the context of
radiation-induced fibrosis several strategies halge been used in experimenatl models and

in the clinic.
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Amongst these various strategies, some have beshingpatients. Delanian S. et al. have

shown that the combination of pentoxifylline, vitank and clodronate (PENTOCLO) was
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useful in healing sternocostal and some mandilmgearoradionecrosiSMoreover, treatment
combining PENTOCLO significantly improved on a datial point of view, neurological
sensorimotor symptoms of two patients with radiatimuced Ilumbosacral
polyradiculopath}*. Cohen et al’> suggested that ACE inhibitors might be used after
completion of radiation therapy, but before expassof injury, to mitigate the later
development of renal failure after radiation-bas$enatopoietic stem cell transplantation
(HSCT).

Another strategy conducted in our lab and othees W characterize the molecular signals
involved in fibrogenesis to provide new therapeutizgetd®!41>16:17.1819.2021.22 ygjng
molecular profiling approaches, we have shown that activation of Rho/ROCK/CTGF
pathway was controlling the fibrogenic differentiat in several organs: the gut (human
radiation-induced enteropathy}**® the heart and lungs (experimental models in C&7BI
mice)'®. Then we showed that it was possible to targéd iprevent and reverse radiation
fibrosis in the organs mentioned above using Stdtifig®202122:23

Inhibitors of Rho/ROCK/CTGF pathway such as stathet inhibits Rho isoprenylation; Y-
27632 an allosteric inhibitor of ROCK and monoebantibody against CTGF have shown
anti-fibrotic propertiggre: Lorigine riferimento non & stata trovata. Errore. Lorigine riferimento non ¢ stata

trovata.,Errore. L'origine riferimento non & stata trovata.,Errore. L'origine riferimento non & stata trovata.,Errore. L'origine

riferimento non e stata trovata,22,23,24

My thesis work was specifically focused on the dibtiotic mechanisms of action of one
hydrophilic statin, Pravastatin. The pleiotropitiaas of statins are mediated by inhibition of
the production of isoprenoid residues and subsdquedulation of posttranslational protein
prenylation, including that of RRd Pre-clinical studies showed that Pravastatinbiitéil the
Rho/ROCK/CTGF cascade in human sampdasvivo and reversed intestinal radiation-
induced fibrosisin viva'"?% In addition, Pravastatin protected normal intestiand

cutaneouS?® from radiation damage without interfering with tlamticancer action of
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irradiation in experimental models, bathvitro andin vivo. Other studies using Simvastatin
confirmed these resulfs&*® Additional mechanism may also be involved, suslpr@servation
of endothelial barrier function, anti-inflammataagtion, modulation of platelet activation and
anti-thrombotic action, antioxidant properties andy certainly contribute to the anti-fibrotic
action of Pravastatin. Based on this biologicaibral, a phase Il clinical trial supported by
the French Ministry of Health (PHRC 2010) is cuthgermonducted at IGR to assess the anti-
fibrotic efficacy of Pravastatin in patients wittutaneous fibrosis after treatment for
Head&Neck tumors.

My thesis work was to characterize further the -&ibtbtic action of Pravastatin from the
molecular point of view. Our main hypothesis wasattipersistent alteration of the cell
phenotype induced by irradiation depended, at leagtart, upon the Rho/ROCK/CCN2
pathway in various organs. In the first part, wevwsbd that the pathological activation of
Rho/ROCK pathway was not specific of radiation-iogld intestinal fibrosis but could be
considered as a general mechanism as it was akservad in lungs (and heart). In this
manuscript we will develop our findings in detaiiefly, we showed activation of the two
important fibrogenic pathways: TGF-b/Smad and RRIK, in response to radiation-
exposurein vivo in  lungs of mice, 15 and 30 weeks post-irradmatidhis fibrogenic
molecular imprint was associated with long-term odelling of pulmonary histological
structures was successfully modulated using RhoAR®@ibitors (statins and Y-27632) that
induces a normalization of fibrogenic markers.

The second part of my work focused on ECM remadglland fibrolysis induced by
Pravastatinin vivo and in vitro. To investigate this question, we used the two lw@rg:
experimental models of radiation-induced (RI) fibsogvailable in our laboratory that model
fibrosis in two majors dose limiting organs: thdestine and the lung. Then, we studied
Gelatinase and TIMP regulations and showed thataBtatin administered as a mitigator

induces a persistent activation of the MMP2-TIMPdsain the mucosal and muscular
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compartment of the gut. When Pravastatin was adteirdd with curative intent the
mechanism seemed different since no significantutaddn of MMP2-TIMP2 was observed
in the gut whereas local fibrolytic process waseobsd in lungs. Our results suggest that
Pravastatin anti-fibrotic action is mediated by FMOCK pathway inhibition and gelatinase-
mediated fibrolytic induction.

In conclusion, our findings extend the biologicational for using Pravastatin to treat
radiation-induced fibrosis in the patients. Praatastoffers a safe and efficient therapeutic
opportunity potentially usable either before oreaftadiation exposure. This approach is
especially attractive in (1) the radiation oncolagtting, as it does not interfere with prior
anti-cancer treatment and in (2) radioprotectianapplicable to the treatment of established

radiation injury, for example in the case of radiataccidents or acts of terrorism.

17



INTRODUCTION

18



PRINCIPLES OF RADIATION EFFECTS ON NORMAL
TISSUES

The modern era of cancer therapy involves safengifieation of radiation, chemotherapy,
and biologic adjuvants. Yet, the impact of such eewadiation technologies and normal
tissue constraints have been offset in some cargeescalation of the radiation dose and
concurrent chemotherapy aimed at improving the tumsponse. This has resulted in a
markedly increased survivorship, which now exce@d% overall, and is much higher for
selected malignancies, such as 87% for breast camwk 80% for all childhood cancérs
Malignancies resistant to therapy required veryreggjve treatment approaches often at the
edge of normal tissue tolerance, or that even elscemerance to some “acceptable” degree.
Definition of normal tissue tolerance has evolved #d to a deeper understanding of the
multiparametric inputs that influence toxicity There is abundant evidence that clinicians
underestimate the frequency and severity of paieryimptoms and, therefore, the published
data underestimate the true toxicity burden

Patients treated with radiation may experience reeadd potentially life-threatening late
intestinal complications, such as fistulation, sepsitestinal failure, perforation, obstruction
and bleeding, which required surgery in 5% of cageS years. Recent reports suggest that,
in more than half of patients, irradiation of peltumours leads to permanent gastrointestinal
damage (i.e. alternating episodes of diarrhoea @&odstipation, abdominal pain,
malabsorption, faecal urgen&))for which no efficient treatment is available tgda

Clearly, the potential to ameliorate or preventhsnormal tissue damage, or to manage and
rehabilitate affected patients, requires an undedhg of tissue tolerance to therapy. Because
“late effects” can manifest months or years afessation of treatment, therapeutic decisions
intended to obviate such effects can be based anlhe probability, not the certainty, that
such effects will develop. In making such decisjotiee balance between efficacy and
potential for toxicity should be considered and nimy influenced by host, disease, and

19



treatment-related risk factors. Recently, many agdmive been identified that target
molecular pathways that can mitigate radiationdityxi To date, no drugs have been approved
as radiation injury mitigators (RIM), defined aseats administered after irradiation but
before toxicity is manifest. Movsav B etBhave present an algorithm to guide clinical trials
for such agents in patients receiving radiotherapyadiochemotherapy. The goal is to be
able to apply such promising agents to improve dhelity of life for all these patients.
Patients have a central role in reported outcontesy Teviewed the mechanisms of radiation
injury and the clinical problem related to radiatieffects, the preclinical and clinical
development of candidate agents, and how to desigrconduct clinical trials.

Normal tissue responses to radiation can be dividex two categories: those that occur
during the first days and weeks after treatmergrotalledearly effectsand those that occur
months, years, or even decades after irradiatiafied late effects."Consequential late
effects” result from the host’s reaction to sevacate toxicity. Some organs are prone to late
toxicity (often termedate responding tissugsvhile others are prone to acute toxicigafly
responding tissug@salthough in any organ both acute and/or lateo$f occur. The type of
effect expressed by an organ is generally a funaifcthe tissue’s renewal properties, but the
clinical importance of the response typically degseon the biology of the organ. The most
important parameters that control toxicity occucein patients are the total radiation dose
and fraction size, the duration of time during whtbe course of radiation is delivered, the
interval between radiation fractions, the rate atch the radiation is given (dose rate), the
specific organ being irradiated, and the volume. pksviously stated, the organizational
structure and the repair or compensatory capaattiethe organ influence its tolerance to

partial or whole-organ irradiation.

The classic concept of a single target cell exphgrihe dynamic sequence of events leading

to normal tissue damage has been supplanted byra owmnplex vision in which the

20



interaction of multiple cellular systems throughrieas molecular signalling and paracrine
factors occurs. Moreover, the perceived acute areddhases of adverse effects now are seen
as manifestations of an ongoing sequence of eyampetuated through autocrine, paracrine,
and endocrine messages that are initiated immégiter injury and persist until the clinical
late effect events themselves. After irradiationaaety of growth stimulatory and inhibitory
factors are released, cell receptors are altenedl tlze resulting dysregulation of the tissue
environment is translated ultimately into postreoegytoplasmic, nuclear, and interstitial
events. Thus, a combination of cell death, the mtdo of reactive oxygen species,
alterations in gene expression, and the expressidioth proinflammatory and profibrotic

cytokines are viewed as integral in the pathogenafsiate effects (Fig. 1>

Inflammatory phase

Proliferative phase

L |Chem5kines, Cytokings |

Tissue remoedelling phase

| Cell migration, macrophages, monocy tes

i — ECM and
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cytokines deposition | |and degradation
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| | | | | -
| | | | |
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Fig. 1. From “Preventing or reducing late side effectsradiiation therapy: radiobiology meets molecular
pathology. Bentzen SM. Nat Rev Cancer. 2006 Sep/8I2-13. Review”.
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Despite optimum conformation of the treatment fetd the tumour and precise treatment
planning and application, the target volume in tivearadiotherapy necessarily includes a
substantial amount of normal tissue, for severasoes.

First, malignant tumours infiltrate microscopicaihto normal structures, which hence must
be included into the high-dose volume as a tumaangin. Second, normal tissues within the
tumour, such as soft tissue and blood vesselsexpesed to the full tumour dose. Third,

normal structures in the entrance and exit charwfelse radiation beam may be exposed to
clinically relevant doses. Therefore, effectiveative radiotherapy is unavoidably associated
with an accepted risk for early and late radiatsihe-effects (‘adverse events’) in order to

achieve adequate tumour cure rates.

Radiotherapy is a localised treatment. The deéinitof tumour and target volumes for
radiotherapy is vital to its successful executiofhis requires the best possible
characterisation of the location and extent of tumBiagnostic imaging, including help and
advice from diagnostic specialists, is thereforeatial for radiotherapy planning.
There are three main volumes in radiotherapy plan(irig.2, 3)

Planning Target Volume
s-al:upi erors + organ motion .

s =
J/-’ %
/“areas of microscopic spread™,

i

visible tumour

',/'
-1\_:‘;_-\“- 7 -___f
e =

internal rngrain LS
_+set-up margin_
Gross Turmur Volume  Clinical Target Volume

Fig.2:Volume in radiotherapy planning
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First volume is the position and extent of gros®dur, i.e. what can be seen, palpated or
imaged; this is known as the gross tumour volum&\J)G Developments in imaging have
contributed to the definition of the GTV. The sedafmlume contains the GTV, plus a margin
for sub-clinical disease spread which therefore otbe fully imaged; this is known as the
clinical target volume (CTV). It is the most diffit because it cannot be accurately defined
for an individual patient, but future developmernits imaging, especially towards the
molecular level, should allow more specific deliti@a of the CTV. The CTV is important
because this volume must be adequately treatecchi@vee cure. The third volume, the
planning target volume (PTV), allows for uncertaatin planning or treatment delivery. It is
a geometric concept designed to ensure that thethadapy dose is actually delivered to the
CTV. Radiotherapy planning must always considdroatdi normal tissue structures, known as
organs at risk (ORs). In some specific circumstange is necessary to add a margin
analogous to the PTV margin around an OR to erntbatethe organ cannot receive a higher-
than-safe dose; this gives a planning organ atvosikme. This applies to an organ such as the
spinal cord, where damage to a small amount of abtissue would produce a severe clinical
manifestation. The concepts of GTV, CTV and PTV éndbeen enormously helpful in

developing modern radiotherapy.
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Fig. 3: from: Cancer Imaging 2004 Oct 21;4(2):153-61.

Planning volumes for a patient with WHO Grade 4gla (glioblastoma). (a) Planning CT showing contras
enhancing tumour. (b) The GTV is the visible tumdiag) A margin for microscopic spread has been ddde
make the CTV; the margin is the same in all dimwiexcept that it is restricted by the skull. Tthe PTV has
been added outside the CTV to account for uncdigsirin planning and execution of treatment; thiteeds
beyond the inner table of the skull.

Late radiation effects, in particular radiationuced fibrosis (RIF) and atrophy, hence
represent a multifaceted, orchestrated responsevaitous components

Each cellular components of an organ does respmmddiation injury with a specific dose-
dependence, which, in that orchestrated respoheg, defines the overall dose—response for
the different clinical endpoints of the entire tiss RIF is a relatively rare, late, local
consequence of high-dose RT.

It is estimated that, in pelvic tumor irradiatianpst patients present digestive effects in the
short term (80%) and that 5 to 10% develop late plmations due to irradiation of non-

tumor tissues.
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Co-morbidity factors such as cardiovascular disepeeexisting collagen vascular diseases;
and hypersensitivity or very rare congenital dissaare confounding factors that enhance the
rate of radiation-induced fibrofs

At the cellular level, fibrosis is characterized tiyroblast proliferation and differentiation.
Excessive extracellular matrix deposition is alsoagor hallmark of the disease, amplified by
the action of cytokines and growth factors leadmgbnormal reactive oxygen species (ROS)
and reactive nitrogen species concentrations.

All tissues affected by advanced RIF are at risdeelop radionecrosis that might be seen as
to ultimate evolution of the disease. One of meneese clinical manifestations of this cellular

and molecular impaired response to radiation i€@sationecrosis (ORRf)
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RADIATION-INDUCED FIBROSIS

Radiation-induced fibrosis is a dynamic process.ctvivaries both in its intensity and in its
qualitative effect on the structure and functiortted affected organ or tissue. Schematically,
spontaneous RIF is divided into 3 histopathologm@hses, each of which is predominantly
cellular, extracellular, or a mixture of both arsddharacterized by gradual worsening over
several years: (1) a prefibrotic phase often asgmptic, marked by signs of chronic
inflammation, where endothelial cells play an intpat role; (2) a phase of organized
fibrosis, characterized by a patchwork of areaaatifve fibrosis containing a high density of
myofibroblasts in an unorganized matrix, surprimadjacent to poorly cellularized fibrotic
areas consisting of senescent fibrocytes in a deeiseotic matrix; and (3) a late fibroatrophic

phase, with retractile fibrosis and gradual losparenchymal cells.

General mechanisms of wound healing and fibrosis

Acute and late normal tissue injury occurs fromoanplex interaction between radiation-

induced death of parenchymal cells, damage to tippasting vasculature, and associated
inflammatory and fibrotic reactions. Long-term detin of tissue-specific stem cells or

progenitor cells can lead to fibrosis, organ dysfiamg and necrosis

A wound-healing response is often described asnigathree distinct phases: injury,

inflammation and repaf.

Phase I: injury

Cells acknowledge damage from radiation exposureugir multiple sensor molecules and
structures. Not surprisingly, chemokiresd proinflammatory cytokinesre highly prominent
among the panoply of molecules expressed in tissftesirradiation. Perhaps less obvious is

the fact that anti-inflammatory cytokines can alse increased, some of which may
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participate in angiogenesis. This cytokine balarecea common feature of inflammatory

responses. Cytokines, in turn, amplify further cilmated changes in additional cytokines,
cell adhesion molecules, prostaglandins and leigkarspecies, redox regulating enzymes
and pro- and antioxidant species (manganese sugeralksmutase, inducible nitric oxide

synthase, metallothionein, heme oxygenase, gamuotangyicysteine synthetase, and
myeloperoxidase), matrix remodeling enzymes andbitdrs, plasminogen activators and

inhibitors, and heat shock proteins. These compgnasb often have mutually antagonistic
aspects that allow tight control on the inflammugtand tissue-healing responses.

In many respects, the tissue responses to irradiatimic the cytokine storms generated by

many other tissue-damaging insults.

Phase II: inflammation

Once access to the site of tissue damage has lobéved, chemokine gradients recruit
inflammatory cells. Neutrophils, eosinophils, lyngglites, and macrophages are observed at
sites of acute injury with cell debris and areasi@frosis cleared by phagocytes. The timing
of inflammatory events may determine the role piabg the inflammatory process. Early
inflammation that is diminished at the later stagkdisease may promote wound healing and
may contribute to fibrosis. For example the eadgruitment of eosinophils, neutrophils,
lymphocytes, and macrophages providing inflammatoyyokines and chemokines can
contribute to local TGFand IL-13°.

However, following the initial insult and wave afflammatory cells, a late-stage recruitment
of inflammatory cells may assist in phagocytosigeac cell debris, and control excessive
cellular proliferation, which together may contrieuto normal healing. Thus late-stage
inflammation may in fact serve an anti-fibrotic @oand could be required for successful

resolution of wound-healing responses.
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The nature of the insult or causative agent oftertatBs the character of the ensuing
inflammatory response and the nature of the inflatony response dramatically influences
resident tissue cells and the ensuing inflammatetis. Inflammatory cells themselves also
propagate further inflammation through the secretidb chemokines, cytokines, and growth
factors. Many cytokines are involved throughout@md-healing and fibrotic response, with
specific groups of genes activated in various dimmi’’. Each of these cytokines can exhibit
significant pro-fibrotic activity, acting throughe recruitment, activation and proliferation of

fibroblasts, macrophages, and myofibroblasts.

Phase lll: tissue repair and contraction

The closing phase of wound healing consists of eshestrated cellular re-organization
guided by a fibrin-rich scaffold formation, woundntraction, closure and re-epithelialization.
Myofibroblast-derived collagens andSMA form the provisional extracellular matrix, Wit
macrophage, platelet, and fibroblast-derived fibotind® forming a fibrin scaffold.
Collectively, these structures are commonly refétoeas granulation tissues.

Growth factor and TGactivated fibroblasts migrate along the extradatlmatrix network
and repair the wound. Fibroblast to myofibroblagtecentiation, as discussed above, also
creates stress fibers and the neo-expression-®MA, both of which confer the high
contractile activity within myofibroblasts The attachment of myofibroblasts to the
extracellular matrix at specialized sites pull Wmund together, reducing the size of the lesion
during the contraction phase. The degree of exttd@ematrix laid down and, the quantity of
activated myofibroblastd determines the amount of collagen deposition. Ais €nd, the
balance of MMPs to TIMPS and collagens to collagenases vary throughoutehponse,
shifting from pro-synthesis and increased collageposition, towards a controlled balance,
with no net increase in collagen. For successfulindohealing, this balance often occurs

when fibroblasts undergo apoptosis, inflammatiogime to subside, and granulation tissue
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recedes, leaving a collagen-rich lesion. The remoanflammatory cells and especialty
SMA+ myofibroblasts is essential to terminate apdia depositioH.

Collectively, the degree of inflammation, angiogaaeand amount of extracellular matrix
deposition all contribute to the net collagen dépmsand ultimately whether a fibrotic lesion
develops. Therapeutic intervention, interfering hwitbroblast activation, proliferation or
apoptosis requires a thorough understanding anceaipgion of all of the phases of wound
repair. Although these three phases are often pre$esequentially, during chronic or
repeated injury these processes function in p&raligcing significant demands on regulatory

mechanisms.
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THE LUNGS AND THE SMALL INTESTINE: TWO MAJOR
DOSE-LIMITING ORGANS IN RADIOTHERAPY

An important challenge to modern radiation ther&pyo increase the tolerance of normal
tissues, in order to improve the quality of life thie patients, and to enhance local tumor
control using dose escalation and/or new biologiadiosensitizefS.

The recent progress made by intensity-modulatedtiaditherapy (IMRT) and image-guided
radiation therapy (IGRT) has reduced radiation-irdLicomplication® especially in dose-
limiting organs like théntestine** andlungs that still remains major dose limiting orgahs

The dose effect relationship in both tumor and radrtissue in characterized by a sigmoid

curve (Fig.4).
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future. J Med Invest. 2010 Feb;57(1-2):1-Review .

If we can reduce the radiation dose to the surrmgnaormal tissues adjacent to the tumor, by
improving dose conformity, the sigmoid curve for mait tissue damage can be shifted to a
higher dose area. This makes it possible to escdla® tumor dose, resulting in an
improvement in the cure rate. Technical innovationRT always aims to improve dose

distribution conformity with the objective of deaseng normal tissue toxicity.
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Despite technological progress, give the preferhima tumor dose is not always achievable
(due the presence of organs at risk), with conseqrexiuction in probability of regional
tumor control.

Reducing the dose delivered to the bowel is alspired in prostat® bladdef’, and
gynaecologicdf tumor treatment.

Lungs sparing is necessary not only during lungeatreatmerif but also in breast canc&r
Hodgkin Lymphom&, and oesophagus neoplasm irradiation

An alternative mechanism to reduce normal tissueicity is the use of radiation
modifiers/protectors, agents that when present poior shortly after radiation exposure alter
the response of normal tissues to irradiation. Tdpproach has also been viewed as an
attractive countermeasure for possible nucleadtagical terrorism. To be useful in the
radiotherapy clinic, radioprotectors should idedigve several characteristics that relate to
the ability of the agent to improve the therapetdito. First, the agent should be selective in
protecting normal tissues from radiotherapy withpubtecting tumor tissue, otherwise no
benefit in the therapeutic index will be realiz&kcond, the agent should be delivered with
relative ease and with minimal toxicity. Finalljzet agent should protect normal tissues that
are considered sensitive such that acute or lateities in these tissues are either dose-
limiting or responsible for a significant reductian quality of life (i.e., mucositis,
pneumonitis, myelopathy, xerostomia, proctitis, lukencephalopathy

In effect, low and mild grade chronic gastrointestiand lung side effects continue to
influence the patient’s quality of life. Acute entis affects most patients treated with pelvic
radiotherapy.

The symptoms occur during or immediately after adtkrapy: diarrhea, abdominal pain and
incontinence, with, more rarely, constipation, bieg and discharge of mucis

The epithelial damage promotes bacterial tranglmcatnd septic risks, bleeding, and reduce

the absorption capacity of the digestive mucosa.
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Therapeutic management associates symptomatola@gidatupport treatment. Acute enteritis
resolves most of the time by itself during the wetklowing the end of treatment.

Acute symptoms may be followed by a phase of eiaiund a progressive worsening of the
patient's clinical status. The most common sympt@res chronic recurrent episodes of

diarrhoea and constipation, with violent abdomipain. The wall thickening due to tissue

fibrosis and the restriction of the intestinal luméisrupt transit, promote stenosis and can
lead to a total bowel obstruction. Ulceration arigsue necrosis can cause severe
gastrointestinal  bleeding, perforation of the itted wall and create

entero-cutaneous, entero-enteric or entero-urifisitylae.

Acute and subacute radiation pneumonitis, with @teurrence of fibrosis, are well-known
risk factors for quality of life and survival of p@nts receiving radiotherapy to the thoracic
region. Although 30 to 40% of the patients withdurancer can benefit from radiotherapy,
approximately 20% of these patients develop ramhatnduced pulmonary injury.

The occurrence and severity of damage are semitptardly related to the volume of lung
irradiated, and the dose rate of irradiation. Th&cal syndrome occurs in up to about 10%
of patients and consists of an acute transienteplradiation pneumonitis, usually occurring 6
to 12 weeks after radiation therapy. Symptoms dfateon pneumonitis, including low-grade
fever, congestion, dry cough, pleuritic chest paing a sensation of chest fullness, usually
develop one to three months after completion ofataxh therapy. Diagnosis is difficult, often
complicated by comorbid conditions and radiationuipj to adjacent structures (e.qg.,
esophagus, pericardium). Although patients witht@qneumonitis may exhibit complete
resolution of their signs and symptoms, unfortulyathe majority of them will go on to
develop progressive pulmonary fibrosis; interessinthis chronic condition also has been
shown to occur in the absence of a preceding guuése. In general, pulmonary fibrosis

evolves between 6 to 24 months post-treatment,tiien stabilizes after 2 yedts The
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condition can result in a chronic pulmonary instiéfncy, although this will be dependent
upon the volume of lung treated, since fibrosiske liradiation pneumonitis, is
characteristically restricted in its appearancwithin the portal field. Where a large volume
has been irradiated, the chronic insufficiency mengress to chronic cor pulmonale from the
resultant pulmonary hypertension and othropned) associated cyanosis, hepatomegaly, or
liver tenderness.

Concomitant chemotherapy, repeat courses of radiatand steroid withdrawal are
exacerbating factors. Because the clinical evolutbrdelayed toxicity is progressive and
inevitable, these complications are of much concernclinical practice and further

improvement in the management of such patienegsired.
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THE LUNGS

Basic structure and function

Lungs, in air-breathing vertebrates, are two lasggans of respiration located in the chest
cavity and responsible for adding oxygen to andov@ng carbon dioxide from the blood. In
humans each lung is encased in a thin membranausalked the pleura, and each is
connected with the trachea (windpipe) by its mawnbhus (large air passageway) and with
the heart by the pulmonary arteries.

Diagram inFig.5shows the respiratory system.
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It can be divide into two major components:
1. Conducting portion
The main function of the conducting system is tmdition' the inspired air taumidify (by
serous and mucous secretiomgrm (by underlying blood vessels) affitter (by particles

being trapped in mucous secretions, and transptoteards the throat, where the mucous is
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swallowed). The upper regions of the respiratorsteay (in the nasal passages) are covered
with respiratory mucosa, and in some regions, tfganucosa.

The conduction portion is made up of: nasal cavities, nasopharynx, laryrachea, bronchi
and bronchioles.

2. Respiratory portion

The interphase for passive exchange of gases hetlveeatmosphere and blood.
Therespiratory portion is made up of: respiratory bronchioles, alveolastslualveolar sacs
and alveoli. The epithelium of the alveoli (Fig.B@ntains two main types of cells:

1. Type | pneumocytesiarge flattened cells (95% of the total alveolaagrwhich present a
very thin diffusion barrier for gases. They aremected to each other by tight junctions.

2. Type Il pneumocytes(making up 5% of the total alveolar area, but Gif%otal number of
cells). These cells secrete 'surfactant’ which edess the surface tension between the thin
alveolar walls, and stops alveoli collapsing dur@xgiration.
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Physiopathology of Radiation induced lung fibrosis

Pneumonitis and fibrosis are distinct featuresheflting’s response to radiation damage. The
former may occur after 6 to 16 weeks and is tygifiey inflammation and interstitial
pneumonia. The latter is a more chronic responstnta months to years with progressive
obliterative fibrosig>.

Multiple mechanisms have been identified in RT-icelli fibrosis, including alveolar damage,
increased reactive oxygen species (ROS) and the éffects of ROS on parenchymal cells,
disruption of proliferation-associated transcriptitactors, and the influx of inflammatory
cells, such as macrophages and lympho&3tes

Type Il pneumocytes have traditionally been consde'target” cells for radiation whose
loss leads to inflammation, desquamation of egdheklls from the alveolar surface, edema,
and discharge of proteinaceous material into tkiecdl More recently, the cellular response
has come to be viewed more in its entirety as wiuagl multiple cell types with the outcome
being dependent on the genetically determined mtderofile that drives the wound-
healing process. Similar to other tissues, the 'tunrgsponse to radiation involves an
inflammatory response.

After initial decreases in total cell number, neptrils then lymphocytes infiltrate and are
found elevated in bronchoalveolar lavage (BAL)rfuonths.

Despite the evidence for dynamic changes withinBA& population, they contribute less to
radiation-induced cytokine alterations than inigedtcells.

Rubin and coworker&first used the cytokine “cascade” in the lung afteadiation to argue
that there was no real “latent period” before teaeasgis of fibrosis and suggested that this was
a self-sustaining continuous process.

Dysregulated pro-inflammatory and pro-fibrotic dyitees, TGFB1, IL-6, MMPS’ and
chemokines, in addition to reduced anti-inflammatogtokines following radiation can

further exacerbate the inflammatory and wound-hgalesponse. TGB1 drives procollagen

36



1 production by fibroblasts, myofibroblasts, andhest reparative cells through the Smad
transcription factor pathway in addition to conlird many other aspects of extracellular
matrix homeostasis. TGt has, however, other numerous biological functiohsese
include inhibiting proliferation of many cell typescluding lymphocytes and type Il
pneumocytes

Other cytokines have, however, been implicatecdiation-induced pulmonary injury as IL-
la, tumor necrosis factar{TNF-a) and interpheron-(INF-y).

RT of the thoracic region can cause significant aigento radiation-sensitive alveolar regions
of the lung invoking a dysregulated inflammatorgaade, rich in pro-inflammatory and pro-
fibrotic mediators. Dysregulated chemokines, trapsion factors, and anti-inflammatory

pathways can further compound this uncontrollegaase, leading to pulmonary fibrosis.
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THE SMALL INTESTINE

Basic structure and function

The main functions of the small intestine are diges absorption of food and production of
gastrointestinal hormones. The small intestine & whetres long in humans. Structure is
represented in Fig.7.
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To aid in digestion and absorption:
1) the small intestine secretes enzymes and hasusywoducing glands. The pancreas and
liver also deliver their exocrine secretions irfte tuodenum.
2) The_mucoségs highly folded.
a) large circular folds called plicae circulareisaien in the diagram to the right), most
numerous in the upper part of the small intestine,
b) smaller folds called villi, which are finger &kmucosal projections, about 1mm

long.
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c) the lining columnar epithelial cells have finejections on their apical surfaces
called microvilli.

Together, these folds provide a huge surface amealfsorption. Between the villi there are
crypts, called crypts of Lieberkuhn, which extermlvd to the muscularis mucosae. These
crypts are short glands.
The lamina propriavhich underlies the epithelium has a rich vascatat lymphatic network,
which absorbs the digestive products, and thesenmiscularis mucosae layer immediately at
the base of the crypts. The lymphatic capillaries @alled lacteals, and absorb lipids. The
vascular capillaries are fenestrated to aid absorpt

The muscularis externa layeontains two layers of smooth muscle, an innecutar and

outer longitudinal, for continuous peristaltic &t of the small intestine. There are around
200 or so lymphoid aggregations called Peyer'sheati the mucosa.

The external serous membraseomposed of connective tissue and epithelium.

Physiopathology of Radiation induced intestinal filbosis

Pathological changes observed in severe late imddesions have been widely explored
using a descriptive approach 30 years ago. The hstiopathological hallmarks of radiation-
induced late intestinal damages in radiotherapyieptt are fibrosis associated with
inflammation and vascular sclerosis and, although kesser extent, epithelial lesions. Bowel
fibrosis is characterized by transmural accumuhatb extracellular matrix within intestinal
layers that induces loss of compliance, impairestimal function and leads to obstructive
syndromes.

Initial responses to radiation in the gut are cti@rdzed by radiation-induced cytokine
expression, as in other tissties

Within hours of radiation exposure the rat ilealstwiaris layer expresses I3;1TNF-, and
IL-6%.
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TGF1 is activated at 24 hours after irradiation andaims high throughout later responses,
whereas IL-10 decreased. At this time, T@EF4s found in the inflammatory cells and
surrounding extracellular matrix, and fibroblas#&dditional studies showed TG
association with mucosal ulceration, membrane thiclge and epithelial atypia 2 weeks after
irradiation. A significant increase in the numberirdfammatory cells in the mouse intestine
can be observed at 24 hours after irradiation &R8 s upregulated at about 3 days after
irradiatior?®,

Long-term changes in cytokine expression in the édosf mice after irradiation implicate
TNF-a, IL-1, IL-6, and TGFB1 in late radiation-induced bowel fibrovascularitity.99
Connective tissue damage and increased collageositiep is accompanied by high
expression of smooth muscle actin and increasedldeof the fibrogenic growth factor
connective tissue growth factor (CTGE)CTGF may be involved in radiation-induced
fibrogenic differentiation in intestinal smooth nelescells. The Rho/ROCK pathway has been
shown to regulate CTGF expression and may seragaget for interventioft**’
Microvascular injury in both acute and chronic ediin injury to the gut has been
investigated in some depth and ascribed to dysfumatf the thrombomodulin (TM)-protein

C (PC) systeff. The TM-PC system is a critical physiological anigulation system in
which TM forms a complex with thrombin to promotatiaoagulation. TM and activated PC
have important anti-inflammatory properties. Cytws such as IL-1, TNE; and TGFB1, all
induced after radiation, reduce the transcriptiof Mf.

TM deficiency is found early postirradiation andntiaues to persist into chronic radiation
injury, paralleling cytokine expression. This megisan may allow persistence of the late

cytokine cascade and damage.
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CELLS AND MOLECULAR MEDIATORS INVOLVED IN
RADIATION INDUCED FIBROSIS

Fibroblasts and Myofibroblasts

One of the most important players in fibrosis is thgofibroblast. First described by
Gabbiani in 197%, myofibroblasts display an intermediate phenotppéveen fibroblasts
and smooth muscle cells. Typically, they have apemcontractile cytosqueleton suitable to
achieve wound contraction, expresSMA and secrete large amounts of extracellularimat
proteins in particular fibrillar collageffs In physiological remodeling such as during dermal
wound healing, the contractile activity of myofiblasts is terminated when the tissue is
repaired; a-SMA expression then decreases and brgbfasts disappear by apoptddis.

In pathological wound healing, myofibroblast adivpersists and leads to tissue deformation,
which is particularly evident, for example, in hyypephic scars that occurs in scleroderma or
after burn injurie%

Myofibroblast-generated contractures are also dberniatic of fibrosis affecting vital organs
such as the liver and kidn&y*® hearf*®® and 1un§®®’ In addition, myofibroblast
participation to the process called stromal reactioes promote cancer progression (in that
case they are called CAF Carcinoma associated fdst#) by creating a stimulating
microenvironment for epithelial tumor céft$® Recent findings showed that overload with
interstitial fluids cause fibroblast-mediated stedmremodeling that facilitates tumor
invasior®.

In fibrotic lungs, myofibroblasts are key mediatos$ extracellular matrix deposition,
structural remodeling, and destruction of alveolanyi unit$°® understanding their origin
would therefore be critical to understand the paghegis of lung fibrosis.

In intestinal fibrosis, the role of intestinal mashymal cells constitution and maintenance is

increasingly recognized nowadaysin healthy bowel, subepithelial myofibroblasiscdted
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in the mucosa, and smooth muscle cells, locatethuscular layers, are involved in the
maintenance of tissue structure and function (imak contractility, extracellular matrix
homeostasis). In fibrotic conditions as in lundiitt role is enhanced as they are responsible
for the excessive collagen secretion, impaired lihoind secretion of the fibrogenic growth

factors.

Several origins for myofibroblasts have been predothat may differ depending on the
affected organ and the initiating event. Howevdrie¢ general mechanisms can be
mentioned:

) Proliferation and activation of tissue residdittroblasts or perivascular and
vascular adventitial fibroblasts can be activatet imyofibroblasts in response to specific
pro-fibrotic stimuli coming from infiltrating inflamatory cells leading to a progressive
evolution from quiescent fibroblasts to cells exgsiag a myofibroblast phenotype

II) Recruitment of fibroblast precursor cells frdmone marrow as a result of the local
release of activated chemokines. These bone mareeursor cells are fibrocytes, a unique
cell population expressing bone marrow cellulafae markers (CD34 protein) and capable
of production of extracellular matrix proteins (&/p procollagen). These cells are able to
migrate from the bloodstream in response to smecithemokine gradients and
chemoattractant, to niche in damaged tissue toremhysiological wound healing process or
fibrogenesi& ">

[Il) Transition of epithelial cells and endotheli@lls to fibroblasts, a process known
as EMT which is induced by transforming growth ¢acp (TGF{f) and perhaps other
polypeptides such as endothelin-1 (ET-1) or insgiimwth factof* ">’

Changes in cell phenotype between epithelial ansemshymal states, defined as epithelial—
mesenchymal (EMT) and mesenchymal—epithelial (M&dnsitions, not only occurs during

embryonic development or as a physiological respdnsinjury, but is also an important
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element in cancer progression and other patholdgasinvolve organ degeneration, such as
fibrosis. At the cellular level, pathological EMBse very similar to physiological EMTs in
that they are governed by similar signaling pathsyaggulators, and effector molecufes
Recently, Endothelial-Mesenchymal Transition (EndgManother type of cellular transition,
has emerged as a possible mechanism in patholofioralsis. EndoMT is a complex
biological process in which endothelial cells ldiseir specific endothelial cell markers, such
as vascular endothelial cadherin (VE cadherin), amthuire a mesenchymal or
myofibroblastic phenotype initiating expression mesenchymal cell products such @&as
SMA, vimentin, and type | collagen. Besides acduisi of an activated pro-fibrogenic
phenotype, these cells also become motile and apabte of migrating into surrounding
tissues. Similar to EMT, EndoMT can be induced BFR’".

For instance in lungs, ionizing irradiation indugeeduction of radical oxygen species (ROS)
including superoxide, hydroxyl radical, nitric ogidind. ROS interaction with pyrimidine and
purine bases nuclear DNA produces single and daitded breaks, initiation of DNA repair,
communication of DNA damage through the cell cyagph to the mitochondrial membrane
via (stress activated protein (SAP) kinases) ana tinanslation of pro-apoptotic, BCL2
family members from nucleus to mitochondria. Theitochondrial membrane permeability
is enhanced. Cytochrome c dissociation from capigl and cytoplasmic leakage of
cytochrome c leads to activation of the caspasetBway and apoptosis. Both dying and
recovering cells release ROS and inflammatory cyxkiincluding IL-1b, TN& and TGIB,

do produce acute local tissue and systemic effestsithin the irradiated tissue differences in
radiosensitivity of various cell phenotypes (endb#heells, alveolar pneumocytes, alveolar
macrophages and bronchopulmonary “stem” cells) rdmrie to the magnitude of tissue

damage.
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Role of immune system, cytokines and chemokines

Contribution of T lymphocytes is most importanffilorosis. Prolonged inflammation induces
a specific lymphocyte T helper (TH) polarizationodal production of specific cytokines
associated with this polarization have been wekgtigated in fibrosis. On the one hand TH1
orientation, notably characterized by the secretaininterferony, is associated with
resolution of the wound healing process. On therdthad TH2 orientation, characterized by
the secretion of IL-4, IL-13 and TGF-b1l, triggersstie response toward fibrosis probably
mediated by the pro-fibrotic growth factor: TGF4F1® Exposure of intestinal stroma to
bacteria is known to induce a TH1 polarizafforbut in the lung persistent exposure to
bacterial antigens reorients TH1 polarization talvar TH2 profile suggesting that chronic

epithelial depletion is fibrosis-profie

Macrophage infiltration into inflamed tissues haset implicated in chronic inflammation-
induced lung fibrosf. In addition to their roles in immune regulationacrophages play a
pivotal role in matrix regression during the reagvphase of fibrosis and in the regulation of
stellate cell proliferatiofr. The phenotype of these macrophages is genermligrted to
match that of alternatively activated cells (M2)hex than classically activated cells (M1).
M2 macrophages express immunosuppressive molesutdsas IL-10 and arginase |, which
suppress the induction of Thl cells that produceatitefibrotic cytokine IFN. On the other
hand, M1 macrophages express IL-1, IL-12, IL-23¢d amduce Thl cell infiltration and
activation. However, it remains to be establishé@ther a particular macrophage subset with
M2-type properties preferentially infiltrates infdorotic tissues, or whether it is the pro-

fibrotic microenvironment that drives macrophageapahtion toward an M2 phenotype.

44



Pro-inflammatory mediators involved in fibrogenesis

There is a variety of pro-inflammatory chemokines/ér non-redundant roles of recruiting
macrophages and other effector cells to the sitemfifmmatory injury®. Chemokines,
especially macrophage inflammatory protein{MIP-1a, also known as CCL3) and related
CC-chemokines, act as signal transducers in inflatarg injury, and perform important
regulatory functions. Different activated macroplsadeve different behaviour related to
MIP-1a secretion: M1 stimulated by LPS and IFNromotes MIP-1a-generation, while IL-4
and IL-10 inhibit MIP-1a production induced by LPSIo-1p%".

IL-4, the archetypal type-2 cytokine, has been Hjrestablished as a pro-fibrotic cytokine
and is elevated in radiation-induced pneumonitis guichonary fibrosi¥. IL-4 receptors are
present on lung fibrobladfswith IL-4 signaling increasing extra cellular niatproteins and
collagen deposition. Surprisingly, some studiesehswwggested that IL-4 is superior to TGF-
B1 at inducing collagen synthesis from fibrobl&tindirect mechanisms of IL-4 include its
ability to promote the alternative activation ofer@phages.

Finally, one of the most renowned properties of4llis its ability to promote the
differentiation of T cells into Th2 cells, providjra source of many type-2 cytokines in this
inflammatory axis (IL-5, IL-9, IL-13, and IL-21). e Th2 cytokines interact in dramatic
ways propagating wound healing and potentially fymtic responses. For example, IL-5
mobilizes, matures, and recruits eosinopfsd promoting TGP production.

IL-5 can also augment IL-13 production and incredsé3-dependent fibrosi& IL-9 can
selectively recruit and activate mast cells thateasing TGE activity and contributing to
pulmonary fibrosi&". Mast cells can also promote fibroblast prolifemat collagen, and MMP
production, and may be involved in subepitheliatdsis following allergen challenge. IL-21
can also amplify Th2 pulmonary responses and Ilad$aciated fibrosis by upregulating IL-

4/1L-13 receptor expression.
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IL-13 has been identified as a key fibrogenic cytekin many fibrotic conditions and can
function independently of TGB®. IL-13 can trigger the differentiation of fibrolsis intoa-

smooth muscle actim{SMA) expressing myofibroblasts.

Investigation of the balance between pro- and iafilasmmatory events in the gut may
provide important insights into the pathogenic medmas of radiation. An imbalance
between IL-B and IL-1 receptor antagonist is reported to beimaportant factor in the
pathogenesis of inflammatory bowel disease (IBD) andy explain why the acute
inflammatory response develops into chronic pegsishflammation in some patients.
Cytokines probably play a role in initiating andrpetuating these uncontrolled disease
processes. There is, however, a remarkable paotityformation on cellular interactions in
complex gut inflammatory diseases. Study by Linatcaf® in 2004 showed in vivo that
abdominal irradiation induces alterations in theression of genes involved in acute
intestinal inflammatory response and thereby mesdlifihe balance between pro- and anti-
inflammatory cytokines. They observed that increas#-13, TNF-a, and IL-6 expression
occurred early at 6 h after irradiation and thehHigyels of IL-B and IL-6 mRNA persisted
for 3 days. Increased cytokine expression and profgroduction were observed
simultaneously. More recently, Linard et’alshowed in T-bet-deficient mice, an increased
fibrotic response to radiation, characterized bghbr TGFB1, col3al expression, and
collagen deposition in mucosa compared with wildetynice. Blirando K. and co-workérs
demonstrated that mast cells have deleterioustsefi@e both acute and chronic radiation
proctitis, possibly by limiting acute tissue neutndpinflux and by favoring phenotypic
orientation of smooth muscle cells, thus makingrthactive participants in the radiation-
induced inflammatory process and dystrophy of dutal wall.

A cascade of inflammatory events ensued, with tkenflammatory cytokines (IL-1, TNie;

and IL-6) increasing the ability of endothelial lselmacrophages, smooth muscle cells, and
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fibroblasts to secrete IL-8. The accumulation aftnaphils at the inflammatory site is known
to be caused mainly by the chemotactic cytokind.ll&lthough the exact role of IL-8 in the
inflammatory pathogenesis is not totally clear.

TGF$1 is a critical profibrogenic factor that inducém tsynthesis and deposit of collagen
and other matrix components. It appears to playracp&rly prominent role in the chronic
phase of injury and is consistently overexpressedreas of the intestinal wall that have
histopathological lesions. Increased TGExpression associated with decreased IL-10 levels
characterizes a fibrotic state. The importance ho$ @anti-inflammatory cytokine on the
pathophysiology of acute radiation-induced inflantwma processes is underlined by findings
that IL-10 gene knockout mice develop gastrointestinflammation.

In summary, inflammation and the recruitment ofcglating granulocytes, lymphocytes,
monocytes, macrophages, and fibrocytes, presemsnanuous supply of pro- and anti-
fibrotic players, vital for efficient wound repanut potentially deadly when not adequately
controlled. Every step of this pathway requiresatiog feedback loops that evoke significant
control over the entire process. An imbalance ienobkine production coupled with
dysregulated cellular recruitment can result ineaness of pro-fibrotic actors likes IL-13 or
TG, a surplus of myofibroblasts, and can convert iamab wound-healing response into a

pathological fibrotic reaction.
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PRO-FIBROTIC SIGNALING PATHWAYS

The Transforming Growth Factor (TGF)-$

The transforming growth factor (TGB)family, including TGFB1, TGF{,, and TGFB3, is a
group of pleiotropic secreted cytokines with a lorgpectrum of biologic functions. Amongst
them, TGFB; is a secreted protein with many cellular functionsluding cell growth, cell
proliferation, cell differentiation and apoptosi;y humans, TGH; can modulate cell
differentiation and proliferation in an auto- orrperine mannéf. The receptors including
TGFJ receptor (BR) | and BRIl are glycoproteins of 55 kDa and 70 kDa, respebt,
with core polypeptides of 500-570 amino alfdSmads are molecules of 42-60 kDa, with
two homology domains at the amino and carboxy teafsi termed as terminal Mad-
homology domains MH1 and MB2 Smads can be divided into three classes, receptor
regulated Smads (R-Smads), co-mediator Smads (Ga$§mand inhibitory Smads (I-
Smads). R-Smads are directly phosphorylated andated by BRI kinases. Smad2 and
Smad3 are involved in TGEsignaling transduction and Smadl, Smad5 and Simald8ne
morphogenic protein signaling transducfibnSmad4 was termed as DPC4 (deleted in
pancreatic carcinoma locus 4), which was a canelilahor suppressor gene in chromosome
18g21 frequently subjected to mutation or deletionpancreatic canc&f. Smad2/3 and
Smad4 are just the factors of the signaling pathveaspring the deposit of extracellular
matrix mediated by TGB?. Smad6 and Smad7 inhibit T@E- signaling as negative
regulators’.

TGH31 is derived from most cell lineages derived frdra bone marrow including T cells,
macrophages, eosinophils, and neutrophils andesobithe most widely studied pro-fibrotic
cytokines. The potent activity of TGE is regulated at the post-transcriptional levelay

latency-associated protein (LAP), which keeps FGH an inactive state.
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Dissociation of TGB1 from LAP is achieved by many agents commonly foimdbrotic
conditions, including cathepsins, plasmin, calpahromombospondin, integriavf6 and

1°°. Once active, it is

MMPs. These agents trigger the release of bioldlgicective TGH
incredibly pleiotropic with, growth and chemotactmroperties: stimulating fibroblast
proliferation/ inhibiting epithelial cell growth;timulating synthesis of extracellular matrix
proteins®; having immuno-modulatory action: recruiting inflenatory cells through MCP-1
(CCL2)'°? and suppressing T-cell responses. The variousofted opposing functions of
TGR3 are likely explained by its various sources arltlilze targets.

Active TGH31 is overexpressed in the lungs of mice, with theetbgpment of severe
interstitial and pleural fibrosis, consisting ofcess collagen deposition, extracellular matrix
proteins, fibronectin, elastin, and the presencengbfibroblasts. Inhibiting TGFL activity,

by interfering with SMAD-mediated signaling, sigoéntly reduced derm&f, renat® and

pulmonary fibrosi®>'% TGM-independent as well as TGE and IL-13-combined

mechanisms can contribute to wound healing andgibr

The CCN family proteins

The CCN family proteins are proteins associated \lie extracellular matrix (ECM) that

regulate activities such as adhesion, migrationpgenesis, differentiation and cell survival.
The acronym CCN was created by P. Bork in $89and brings together the three main
members of this family: CYR61 or CCN1, Connectivisstie Growth Factor (CTGF) or

CCN2, and Nov or CCN3. Later, three other membdrdhe CCN family have been

identified: WISP-1 or CCN4, WISP-2 or CCN5 and WiSBr CCNG6.

The Connective Tissue Growth Factor (CTGF/CCN2hes most studied in the context of
fibrosis, since it is responsible for the excess&xgacellular matrix production, proliferation

and chemotactic cell migration that are essentiahd fibrosis. The CTGF is identified as an
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essential mediator for the maintenance of fibrasisarious pathologic conditio$ and is
expressed in different fibrotic lesions.

CTGF was originally thought to be a specific doweain mediator of the profibrotic effects
of TGF-b, with a particular role in stimulating fdblast matrix production and myofibroblast
differentiatiort®. Cell surface receptors and downstream signafiaitpways have not been
fully determined and there is now increasing supforthe notion that CTGF may not act as
a classical autocrine growth factor. In additidnisiclear that CTGF is induced by a number
of other pro-fibrotic mediators, including thrombifhand mechanical stress.

Despite the uncertainties about mechanisms of gc@diGF is an interesting and specific
target in the context of a number of fibrotic diders, including systemic sclerosis and{PF
CTGF expression is increased in t¥rand although adenoviral overexpression induceg onl
mild and transient fibrosis in raf§ overexpression in mice confers susceptibility to
bleomycin-induced fibrosis in the fibrosis-resigtaBalb/c mouse strati". Moreover,
selective expression of CTGF in fibroblasts vivo has recently been shown to promote
systemic tissue fibrosis, including in the Iditg A Phase | clinical trial assessing a
neutralizing antibody directed against CTGF (FG®M®ibroGen) was recently completél
the results demonstrate that this antibody is aatewell-tolerated, but require validation in a
prospective, randomized, blinded study.

Our group was the first to study CCN2 expressiorihi context of radiation fibrosis. In
human delayed radiation enteropathy we showedTiG&{31 expression is low whereas the
gene and protein levels of CCN2 are very high, satigg occurrence of alternative
stimulatory signals involved in CCN2 regulation idgrthe chronic phase of the patholbyy
Similar observations were made in scleroderma, hickvCCN2 but not TGIBL expression
correlated with the severity of the fibrasis This apparent paradox suggested that CCN2 was

more specific of chronical phase of fibrotic disesas
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Grotendorst et &° proposed that TGB1 was able to trigger a long-term cell response, in
which its own presence was no longer required distasned CCN2 expressidmitiation and
maintenance of fibrosis seemed to depend on thefspaolecular pathway.

Haydont et al* showed that CCN2 alone triggered its auto-indudiiofibrosis-derived cells
and that TGH31-enhanced CCN2 autoinduction.

The results of this study showed thatistinct pathways controlled CCN2 expression miyiri
initiation vs. maintenance of fibrosig) very low doses of TGB4 elicited potent profibrotic
action in fibrosis-derived cell8) CCN2 drove its autoinduction in fibrosis-deriveslls, and

4) low concentration of TGB1 enhanced CCN2 auto-induction in fibrosis-deriveltisc

The Rho/ROCK pathway

The Ras-homologous (Rho) family of small GTPaseapiledes a multitude of vital cell
processes such as endocytosis, cell morphology,ifgrailon, survival, motility, and
differentiatiort*”**® Extracellular signals received by cell-matrix aslba molecules (e.g.
integrins), receptor tyrosine kinases (e.g. grovattor receptors), and cell-cell adhesion
molecules (e.g. cadherins) are transmitted to RhiBa&Ses, which in turn activate a variety of
effector proteins”.

Rho proteins cycle between two forms: the inacguanine diphosphate (GDP)-bound form
and the active guanine triphosphate (GTP)-bouneh.f@uanine nucleotide exchange factors
(GEFs) activate Rho GTPases by removing the GDPraplhcing it with GTP. As their
name suggests, Rho GTPases possess an intringlytipdactivity that converts GTP to
GDP. However, this chemical reaction is generallgwsunless catalyzed by GTPase
activating proteins (GAPs). GAPs have historicdlgen classified as negative regulators of
Rho proteins, but recent evidence suggests a noonglex role in Rho protein regulation for

GAPs. A third class of regulatory proteins, GDPsdigation inhibitors (GDIs), may inhibit
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Rho protein activation by preventing exchange ofRFGIor GTP or by sequestering Rho
proteins in the cytoplasm.

The activity of specific Rho GTPases is tightlyukged both temporally and spatially within
the cell depending on the functional state of #i€€. The active form of Rho GTPases binds
to the cell membrane where it acts upon effectotgins.

The small GTP-binding proteins belonging to the Rdmily regulate various aspects of cell
shape, motility, proliferation and apoptdéfs ROCKs are downstream targets of RhoA,
which mediate Rho-induced actin cytoskeletal chanB®CKs consist of an amino-terminal
kinase domain, followed by a mid coiled-coil-formgirregion containing a Rho-binding
domain (RBD), and carboxy-terminal cysteine-richmdin (CRD) located within the
pleckstrin homology (PH) motif. In mammalian sysgenwo ROCK isoforms have been
identified [88]. ROCK1, which is also known as RPkand pl60ROCK, is located on
chromosome 18, and encodes a 1354 amino acid pr&®€@CK2, which is also known as
ROKa and sometimes referred to as Rho-kinase, is ldoatechromosome 2 and contains
1388 amino acids. ROCK1 and ROCK2 share an ov@sd4l identity in amino-acid sequence
and a 92% identity in their kinase domains. Despéeing similar kinase domains, ROCK1
and ROCK2 might serve different functions and cddste different downstream targéts
Although ROCK1 and ROCK2 are ubiquitously express®dnouse tissues from early
embryonic development to adulthood, ROCK2 mRNAIighly expressed in cardiac muscle
and vascular tissues. In contrast, ROCK1 is mowmadntly expressed in immunological
cells and has been shown to co-localize to cemtneso But even in cells that contain both

ROCK1 and ROCKZ2, recent findings suggest speaificfions for both isoforms.
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The Rho/ROCK/CTGF pathway

Previously studies conducted in our and othersritbdes have shown that the activation of
Rho/ROCK pathway controlled fibrogenic differenibet in human radiation-induced
enteropathy and may be a specific signaling pathvimythe process of chronic
fibrosisl3’14’16’18'12.3

Rho activation after TGB4 stimulation was shown by direct Rho-GTP analysisl by
pharmacological inhibition approaches using Pratastand Y-27632. Pravastatin action is
not fully specific to Rho activation since it is kmo to target isoprenylated protein including
Ras or Ral®. However, the strong efficacy of Y-27632, a sgedifhibitor of the ROCK, in
decreasing TGPB1-induced CCN2 expression in fibroblasts reportecur (3) and other
studies**confirmed the essential role of the Rho/ROCK pathimeCCN2 regulation.
Considering these data and the very low rate @& sftects, inhibitors of Rho/ROCK proteins
was suggested to be promising anti-fibrotic target® wide range of diseases, including

oncologicat*® neurologica”® and several cardiovascular disord&sand in radiation-

induced fibrosis as well as others fibrotic dise¥<é?®
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RELEVANCE OF THE REMODELLING OF
EXTRACELLULAR MATRIX IN RADIATION INDUCED
FIBROSIS

Extracellular Matrix (ECM)

The extracellular matrix (ECM) has a major struatuple. In addition it is one an important
regulators of cellular and tissue function in thedya Tight controlled ECM homeostasis is
essential for development, wound healing and norarghn homeostasis, and sustained
dysregulation can result in life-threatening patigital condition&”.

The ECM is mainly composed of an intricate intekiog mesh of fibrillar and non-fibrillar
collagens, elastic fibers and glycosaminoglycan @F&ontaining non-collagenous
glycoproteins (hyaluronan and proteoglycans). Hterstitial matrix found in most but not all
tissues consists mainly of the fibrous collagen tiypehich, together with fibronectin, confers
mechanical strength to tissté$ Although collagens are collectively the most atanid
component of the ECM, the differential expressibmdividual interstitial ECM components
underpins the specific functions of many organs asgles. In addition to the interstitial
matrix, extracellular basement membranes (BMspapecialized form of sheet-like ECM to
which epithelial cells can anchor and which interdaectly with the epithelium and
endothelium. These membranes mainly consist oagett IV, laminins, entactin (also known
as nidogen) and heparan sulfate proteoglyéarBMs play a key role in epithelial cell
function, providing cues for orientation that hdpestablish and maintain apicobasal polarity
and cell differentiation.

The ECM serves many functions in addition to prongdstructural support. Macroscopically,
the ECM physically segregates cells and organsaatglas a protective cushion, for example,
by regulating hydrostatic pressure within tissued argans. At the microscopic level, this

highly dynamic molecular network is also capableregulating cellular behavior through
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modulation of, among other things, proliferationytoskeletal organization, cellular
differentiation and receptor signalifiy

The ECM structure is determined by continuous dynammodeling. Such remodeling is
regulated by a careful balance between matrix ®gndh secretion, modification and
enzymatic degradation. ECM components are degrdmednatrix-degrading enzymes,
including heparanase, cathepsins, hyaluronidasasjptases, various serine and threonine
proteases and the large superfamily of metzineiuéch includes ADAMs (a disintegrin and
metalloproteinases), ADAMTSs (ADAMs with thrombospon motifs), and matrix
metalloproteases (MMPs) and their inhibitors [tissnieibitor of MMPs (TIMPs)}*2 The
tightly controlled ECM homeostasis is sensitivealtered expression of these proteases,
which, if altered for prolonged periods of timenaasult in excessive ECM remodeling, as is
frequently observed in fibrotic diseas®s

Tissue fibrosis is typically characterized by extes ECM synthesis and secretion. This
increased ECM synthesis can results from overegmesof TIMPs or loss of MMP
expression, and assembly and subsequent crossgifikad to altered biochemical and
biomechanical matrix properties, compromising ndriisue function and further driving

disease progression resulting in incomplete magrmodeling and irreversible fibrosta

Matrix Metalloproteases (MMPs) and Tissue Inhibitors of MMPs (TIMPS)

Matrix metalloproteasis (MMPs) are proteolytic emss implicated in many physiological

and pathological processes including embryonic ldgveent, morphogenesis, reproductive
processes, bone remodeling, wound healing, caactritis, atherosclerosis.

MMPs are zinc and calcium-dependent enzymes abkegpade virtually all extracellular

matrix (ECM) components. MMPs, by their proteolyaictivity, can, on one hand, affect the

adherence of cells to the extracellular matrix amtthe other hand, release both bioactive
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fragments of extracellular matrix molecules andagped” bioactive mediators, providing
signals from the microenvironment to cells allowthgm to react to stimdf®

Currently, 28 MMPs families have been identified wertebrates; 191 different
metalloproteinases have been found in  humans (degra database;
http://degradome.uniovi.€$y. The latter are classified according to their st specificity
and structural features into gelatinases (MMP2, s®omelysins (MMP3, -7, -10, -11),
elastases (MMP12), collagenases (MMP1, -8, -13,,-E8)d membrane-type MMPs
(MMP14,-15, -16, -17). Most MMPs are secreted amm@yens and require proteolytic
activation. In vivo activation of pro-MMPs is mostinediated through the plasminogen-
plasmin cascade and by MMPs themséfffesAnother type of MMP activation, which has
been reported for MMP-2, is through the membrape-tyIMP-1 (MMP-14). This process
may be associated to fibrogenesis as MMP-2 degréddsement membrane type IV
collagert*® which is thought to facilitate the deposition dfrii-forming collagen. The third
level of control of MMP activity is ensured by TIMPwhich are known to inhibit active
MMPs at a stoichiometric ratio of 4. Four subtypes of TIMPs (TIMP-1 to -4) have been
identified so far. Whereas TIMP-1 inhibits a broemhge of MMPs, TIMP-2 seems to
specifically inhibit MMP-2. A controlled balance theeen active MMPs and TIMPs is
required for maintenance of normal tissue homesstasl imbalance in these ratios has been
implicated in a number of pathological disordens)uding tumour invasidfi* and metastasis
142 atherosclerost§® arthritis**, emphysemd® and fibrotic diseasé®:47:148.149

Collagen accumulation in radiation fibrosis hasrb#®ught to be associated with a decrease
in MMP activity and increased TIMP levels. Strupse et al**® showed that an intense
ECM remodeling seems to particularly affect intestimucosa in radiation enteropathy.
Induction of each member of the MMP family, i.eelainases, stromelysin, collagenases, and

membrane-type MMPs, was reported in late radiagoteritis. However, the concomitant

56



induction of MMP inhibitors (TIMP-1, TIMP-2, and RA) counterbalances this induction of
MMPs, leading to a net collagen deposition.

MMP-2 and MMP-9 and matrilysin MMP-7 are known ttayp a pivotal role in ECM
metabolism and homeostasis of basement membrand?-RIléind MMP-9 have significant
activity in the pathogenesis of emphysema and Isath be present in fibrotic tissdgs
MMP-2 may be associated with impaired tissue rerogléeading to pathological collagen
deposition and pulmonary fibrosis, whereas MMP-8 b@en linked to inflammation-induced
tissue remodeling® Several studies have shown that MMP-2 and MMP-irdlaced by

ionizing radiatiof0%-149: 151,152
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TREATMENT OF RADIATION INDUCED FIBROSIS

In general, chemical/biological agents used tor altemal tissue toxicity from radiation can

be broadly divided into three categories based han timing of delivery in relation to

radiation:chemical radioprotectors, mitigators and treatment

Agents delivered prior to or at the time of irrdahia with the intent of preventing or reducing

damage to normal tissues are termadioprotectors. A classic example is the use of a free

radical scavenger such as amifostine. Agents delivat the time of irradiation or after

irradiation is complete, but prior to the maniféista of normal tissue toxicity, are described

as mitigators of normal tissue injury. Examples include the wv$eangiotensin-converting

enzyme (ACE) inhibitors. Finally, when drugs, sueh Pentoxifylline plus tocopherol and

statins, are delivered to ameliorate establisheanabtissue toxicity, they are considered

treatments (Fig.8)™>.
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Fig. 8: Sequence of events following radiation exposurent“Citrin D. et. al Radioprotectors and Mitigagor
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Anti-Inflammatory Therapies

In general, the existing experimental and clinisaldies suggest that anti-inflammatory
agents have only a limited role, at best, in th@ppylaxis or treatment of radiation-induced
normal tissue injury. Corticosteroids have beerdusdreat fibrosis. In vivo, dexamethasone
has been used to treat Rl pneumonitis, nephropatiy,liver injury in rats and appears to
delay development of RI organ dysfunctith

Although steroids are widely used for their antanimatory properties in everyday clinical

treatment of chronic RI, no long-term effect on timglerlying fibrosis has yet been shown.

Superoxide Dismutase

Both prevention and reversal of radiation-inducémois have been shown using Cu/Zn
superoxide dismutase (SOD) in soft tissue radiatigary*>**>> One of the cellular and
molecular mechanisms associated with the antifibrattion of SOD is the modulation
(inhibition/reversal) of the radiation-induced mybblastic differentiation through
repression of the profibrogenic growth factor TGE2 Unfortunately, no approved SOD

drug is currently available to patients.

Suppression of the Renin-Angiotensin System (Angiehsin Converting

enzyme inhibitors and Angiotensin |l receptor antag@nists)

ACE inhibitors (eg, captopril and enalapril) and Adceptor antagonists (eg, losartan) are of

clear benefit in the treatment and prophylaxis xpezimental radiation nephropathy and
experimental radiation pneumopathy.

The action of ACE inhibitors and All blockers imiliting subsequent fibrosis requires further
investigation, particularly because this lattereetf may have relevance to late radiation-

induced injury in other normal tissues. Clinicabls for prevention of radiation-induced
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nephropathy and pneumonitis are ongoing and/omtgceompleted. Clinical data available

suggesting stabilization of renal function in es&i#d radiation-induced nephropattfy

Pentoxifylline and association with tocopherol/VitE and clodronate

Pentoxifylline (PTX) is a methylxanthine derivativeth some properties similar to caffeine
but with few cardiac effects and is used to treascular diseases such as intermittent
claudication. In vivo and in vitro studies showttlRa X has 4 major properties: it increases
blood viscosity and flow hence increasing tissuggexation and tumor radiation response,
inhibits coagulation (platelet aggregation), limitwund healing (fibroblast proliferation,
collagens) and tumor necrosis factorreduces immunologic and inflammatory reactions
(leukocytes)y”.

Pentoxifylline has been used in the treatment dfateon-induced fibrosis and soft-tissue
necrosis in both experimental models and clinicals.

The combination of pentoxifylline and vitamin E itlodronate (PENTOCLO) is useful in
healing sternocostal and some mandibular ORN. Rigc®elanian and coworkel® showed

in a randomized clinical trial that long-term PENTDO treatment is effective, safe, and
curative for refractory ORN and induces mucosal lamde healing with significant symptom
improvement. The efficacy of this combination hagrbeeported also in others various
anatomical locations (soft tissue fibrosis, uteffilbeosis); however, the associated molecular
mechanism remains mostly unexpldfedA number of trials have been performed with
tocoferol delivered during the course of radiotpgrawvith the goal of reducing normal tissue
toxicity (xerostomia, mucositis and pulmonary filgdsin many instances with promising
results.

Unfortunately, the use of antioxidant vitamins, Is&s alpha tocopherol and beta carotene,
during the course of radiotherapy was associatéd ewidence of poorer tumor control in

randomized triaf®
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Pirfenidone

Pirfenidone is an orally available pyridine derivatthat has recently received much interest
in IPF in view of its anti-fibrotic, anti-inflammaty and antioxidant properti€s. Briefly, in
vitro pirfenidone has been shown to inhibit fibroblasiliferation and collagen synthesis. |
vivo it attenuates bleomycin-induced lung fibrosis widased either prophylactically or
therapeutically and this attenuation is associatétli a reduction in lung platelet derived
growth factor (PDGF) and TGF-b levels. Its antlanimatory properties are manifested by
an attenuation in TNE-and IFNy levels in experimental models of inflammatith

The precise molecular mechanism of action remainknamn, however Pirfenidone
represents a potentially important advance in IR&fapy: in fact, treatment resulted in a
significant reduction in FVC decline compared wiplacebo in one trial at 72 weeks

(CAPACITY2).

Imatinib

The tyrosine-kinase inhibitor, Imatinib mesylatastactivity against the PDGF receptor.

For over 15 years, PDGF has been known to indugeoplagen production by fibroblasits
vitro, it may play a greater role in expanding the fillagt accumulation at sites of injury.
Anti-fibrotic potential of this drug may reflect riipple modes of action.

Imatinib inhibits signalling pathways directly doviream of TGF. It is also implicated in
the inhibition of two pathways recently implicatedthe development of bleomycin-induced
fibrosis in micé®¢.

The groups of Daniels et Aono, in theirs preclihistudies, demonstrated that imatinib
reduces collagen deposition and mesenchymal aalfgration in the bleomycin model when

dosed prophylactically, but this was not the cadeerwimatinib was administered in a

therapeutic schedule (day 14 post bleomycin onyafés°
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In a recent multi-centre, randomized, placebo-adie trial (Novartis, Switzerland) of
patients with mild to moderate IPF followed for @@ek<®* imatinib did not affect survival

or lung function.

Current inhibitors of Rho GTPase signaling

The Rho/ROCK proteins play an important role in ithguction and maintenance of fibrosis.
Statins and Y-27632 (respectively inhibitors of Rimad ROCK) may be an opportunity to
demonstrate the implication of the Rho/ROCK pathwathe forms of radiotherapy-induced
fibrosis. To inhibit the activity of these proteins therefore an anti-fibrotic therapeutic
strategy very attractive.

Statins are drugs currently used in the treatménthypercholesterolemia. They are
schematically classified into three categories ealing to their metabolism: simvastatin
which is metabolized by CYP 3A4 predominantly (thest expressed isoform of cytochrome
P450), both at the intestinal level in the livegricastatin and atorvastatin exclusively linked
to CYP 3A4 and fluvastatin and pravastatin metainoldoes not interfere, or interferes very
little, with CYP 3A4.

Although HMG-COoA reductase inhibitors are generaligil-tolerated drugs, side effects can
occur. The serious ones such as elevated liveramasingse levels (defined as > 3 times the
upper limit of normal) or elevated creatine kind€K) levels (defined as > 10 times the
upper limit of normal) linked to myopathy incidesceccur in only 0.5% to 2% of clinical
trial subject$®.

Several clinical trials have demonstrated and cordd the beneficial effects of statins in
cardiovascular disorders, in primary and secongagyention settings, and in asymptomatic
subjects with a high cardiovascular risk. A positieée of statins has also been observed in
many other diseases: cancer prevention, reductiahd frequency of fractures in patients
with osteoporosis, reduction in the progressiond@betes, prevention of deep venous
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thrombosis, prevention of dementia. The multipjictf these effects, called pleiotropic
effects, has no a priori relationship with the @cton cholesterol.

A number of strategies have been employed to ihthiifunctions of Rho proteins (reviewed
in 1°%. Rho GTPases are dependent on membrane locatfizati their activity. HMG-CoA-
reductase inhibitors (statin drugs) inhibit botpdyg of prenoid posttranslational modifications
in Rho proteins. In fact, statins prevent the sgath of cholesterol that is also involved in the
synthesis of small GTP-ase. Farnesyl-PP (FPP) armhglgeranyl-PP (GGPP) isoprenoids,
which are important intermediaries in the synthesisholesterol, are also required for post-

translational modification of small GTP-ase Rho Rac family (Figure 9§".
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Fig. 9. From Laufs U, Liao JK. “Targeting Rho in cardiowakar disease”. Circ Res. (2000) 87(7):526-528.

Studies with pravastatin showed a modulation abfylenic phenotypm vitro for limiting the
expression of CTGF and synthesis of pathologicaberllular matrix proteins (collagen I, 1l
and fibronectim™>*® Moreover, pravastatin inhibits the Rho/CCN2/esétlular matrix

cascade in human fibrosis explants and improveatiad-induced intestinal fibrosis in rafs
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Another potential therapeutic opportunity is to bihieffector proteins activated by Rho
GTPases. ROCK has been a popular target for kimdusleitor development because of its
important role in cell motility downstream of Rh@hd RhoC. ROCK inhibitors include HA-
1077 (fasudil), H-1152, and Y-276%32 Y-27632 blocked phosphorylation of cofilin and
promoted E-cadherin expression and cell adhé¥iowf-536, a more potent derivative of Y-
27632, inhibited cell motilityn vitro and angiogenesis and metastasigiva-°°"°

Inhibition of Rho-kinase by the small molecular gigiinhibitor Y27632 has shown to reduce
fibrotic parameters in primary hepatic stellatelsceind in several animal models of liver
fibrosis'™.. In addition, Bourgier C. et &.have demonstrated that Y-27632 is able to reverse
the fibrogenic phenotype of vascular smooth mueselks isolated from bowel of patients with
post-actinic enteritis.

These results suggest that Rho/ROCK pathway is ssilgle therapeutic target for the

radiotherapy-induced toxicity modulation and thtatias may be a new anti-fibrotic drugs.

Many studies with many others drugs and targetaffies are actually ongoing or recent
completed'®. For example: Phase | clinical trial in IPF patgewith GC1008 (Antibody
against TGH3); study with orally active activin-like kinase egator-5 kinase inhibitors, SB-
525334 (GlaxoSmithKline, UK); A Phase Il clinicaudy for the treatment of skin fibrosis in
systemic sclerosis with topical application of PIIgNA Biotech, Spain) which blocks
binding of TGF-b1l to TGFbR1; Phase | clinical triassessing a neutralizing antibody
directed against CTGF (FG-3019; FibroGen, USA) etc.

All these efforts to prevent, mitigate or treat editin-induced fibrosis are necessary to reduce
this severe consequence of radiotherapy that afteadity of life of the growing number long-

cancer survival.
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Previous pre-clinical data obtained in our labanatnd others (M Hauer-Jensen laboratory)
showed that statins (Pravastatin, Simvastatin, va&tatin) displayed anti-fibrotic action in
models of radiation-induced intestinal fibrosis.

The first part of my doctoral training was to intigate if the anti-fibrotic action displayed
Pravastatin and Simvastatin was restricted to theogcould be applied to other organs. In
addition we investigated the anti-fibrotic actiomsplayed by several pharmacological
inhibitors of the Rho/ROCK pathways: SimvastatimvRstatin and Y-27632. Therefore, we
developed in mice 2 experimental models of pulmgnirosis. One induced by the
radiomimetic drug, Bleomycin (BLM), and one by dmglose of irradiation (19 Gy single
dose) to the chest. Animals were treated with theous Rho and ROCK inhibitors:
Simvastatin, Pravastatin and Y-27632; and we shatadall of them displayed anti-fibrotic
properties in the lung. We showed that pravast@igéatment induced inhibition of RhoB,
TGFRIl and CCN2 expression suggesting that part ofatitefibrotic action of Pravastatin
could be mediated by the inhibition of these filoig molecules.

Then, we investigated whether Pravastatin was tableduce a fibrolytic action. This study
was performed in gut and lung samples of rodentdWNbtion of the expression of MMP2 and
its natural inhibitor TIMP2 was investigated by imnohistochemistry in two models of
radiation-induced fibrosis (intestinal and pulmagparinterestingly we found a different
impact on fibrolysis when Pravastatin was adminestepreventively or curatively. In
addition, alteration of gelatinase expression waslied in vitro, in cell culture of primary

lung fibroblasts isolated from mC57BI6 mice incudzhtvith Pravastatin.
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MATERIALS & METHODS
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Anti-fibrotic effect of Rho/ROCK inhibitors

The potential anti-fibrotic effect triggered by Rlamd ROCK pharmacological inhibitors
(Pravastatin, Simvastatin and Y-27632) was assessdle well-characterized models of
radiation-induced intestinal fibrodls BLM-induced lung fibrosi¥? and after thorax

irradiation (19Gy).

Experimental model of gut fibrosis and drug admimiation

Model of intestinal fibrosis was generated by ldoadiation of Wistar rat’s ileum as already
describedl’. Fibrosis development was monitored 15 and 26 wafks irradiation. Briefly,
ileum was irradiated locally after surgical extedation (19 Gy with X-ray machine
operated at 225 kV and 17 mA with 0.5-mm coppereddfiltration, at a dose rate of 0.98
Gy/min.). Pravastatin was administered in drinkimgter (30 mg/kg/day) according to the

schedule shown figure 1 in both mitigation (A) anulative (B) approaches (Fig.10).

A 19 Gy

3
o ]

D-3 DO D14 15w 26W
Pravastatin 30 mg/kg/D
Oral administration

19 Gy

>
| e

DO 5w 15w 26W
Pravastatin 30 mg/kg/D
Oral administration

Fig 10. Schedule of gut irradiation and Pravastatin adsiiation in rats via drinking water (30 mg/kg/day)
mitigation (A) and curativeB) approaches.
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lleal samples were washed with 0.9% sterile sabuker, fixed in 4% formol for 24 h and
paraffin embedded. Five-micrometer longitudinaltiees were cut. Five animals per points

were analysed with a total of forty animals.

Mice immobilization and thorax irradiation

A total of 150 Female C57BL6 mice were obtainearfrGharles Rivers France. Experiments
were conducted under the French regulations fomalhniexperimentation (Ministry of
Agriculture Act No. 87-848, 19of October, 1987) and received ethics approval.

Using a TEM anesthesia system (Bordeaux, Franceg mwere anaesthetized by inhalation
of an air/isoflurane (Forene, Abbott France, Rungiscture and irradiated with a 200kV X-
ray machine operated at 15mA with 0.2mm coppefitin, providing an incident dose rate
of 0.79 Gy/min. Doses of 19 Gy were given to therdloin one fraction. To minimize
unwanted off-target biological responses which roagfound interpretation of thorax data,

the rest of the animal was shielded with a 10micktlead screen.

Experimental models of lung fibrosis and drug adnigtration

In the experimental model &LM-induced lung fibrosis, mice were divided in 7 groups:
sham, Bleomycin, Prava-Bleo, Simva-Bleo, Bleo-Pra®leo-Simva, Bleo-Y group.
Pravastatin and Y-27632 were hydrosoluble drugsyastatin was diluted in DMSO at 10%
and all drugs were administere 2 weeks Osmotic pump (Alzet, n°1002) implanted sub-
cutaneously in a preventive (A) and curative (Bprapch (Fig. 11). At day 40, lungs were

collected for histology.
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Bleomycin
IP 5X40mg/kg

Pravastatin via Osmetic pump
40mg/kg

bo bl10 D25 D40

Pravastatin via Osmotic pump
40mg./kg

Bleomyein
IP 5X40mg/kg —

DO D10 D25 D40

Fig 11. Schedule of BLM-induced lung fibrosis and Rho/ROi@Kibitors administration in mice via osmotic
pump in a preventiveX) and curativeB) approach.

In the radiation-induced fibrosis model after a single dose of 19 Gy to the thorax,
pravastatin was administered in the drinking watetween the % and the 1% week post
irradiation (Fig. 12). Lungs were collected 15 &&lweeks post-irradiation using the same

procedure.

Gy

o

] aw 15w TEW
Pravistatin 40 mygiky/ D
Cwal admmistrabon

Fig.12.Schedule of lung irradiation and Pravastatin adahinistration in mice in a curative approach.

Histological examination and immunohistochemistry
Gut and lungs are collected for histology and imohistochemistry. Organs were fixed in

Finefix (Milestone medical, Italy), paraffin embedidend cut into 4 pm sections.
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Lung sections were stained with Hematoxilin-Eosaffi@nin (HES) and examined using
conventional light microscopy. Expression of TGFBRhoB, and CCN2 deposition were
studied by immunohistochemistry.

Moreover, immunohistochemistry for MMP2 and TIMP2swvperformed for all models of
radiation-induced fibrosis (gut and lung) as presiguescribet?

Primary antibodies were used at the following diin$é: TGF-BRII 1:100 (Santa Cruz H-
70:s¢-28565), RhoB 1:100 (Santa Cruz C-5:sc-80€&N2 1:50 (Santa Cruz L-20:sc-
14939), mouse anti-human MMP2 monoclonal antibodyat.( #42-5D11 Millipore;
respectively 1:200 and 1:100 for intestine and ltorg) and mouse anti-human TIMP2
monoclonal antibody (cat. #67-4H11 Millipore; resipeely 1:1000 and 1:100 for intestine

and for lung) (table 1).

LUNG INTESTIN
Ab primary Ab secondary Ab primary Ab secondary

MMP2 monoclonal 1:100 1:200

antibody HRP-conjugated

secondary antibody

TIMP2 monoclonal 1:100 1:1000 1:5000

antibody

. HRP-conjugated
TGF-BRII 1:.100 secondary antibody
1:5000

RhoB 1:100

CCN2 1:50
Table 1.

Sections were incubated with corresponding HRPwugaipd secondary antibody (GE
Healthcare Life Sciences; diluted at 1/5000 in TB&ntaining 2% BSA). Endogenous
peroxidases were blocked by incubation with 0.1%Hin PBS for 10 min. Colour

development in immunoperoxidase staining was peror with 3,3'-diaminobenzidine
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enhanced liquid substrate system (DAB) and sectiwee counterstained using Mayer's
haematoxylin (Fluka Chemie, Buchs, Switzerland)ades were acquired using a Leica
microscopesquiped with a JVC color video camera coupled taraaging analysis system

(Histolab software, Microvision, France). Omissioh primary antibodies was used as a

negative control.

Cells

Primary lung fibroblasts were isolated from 2-8 wweéd C57BL/6 and sub-cultured in
Dulbecco’s modified Eagle’s medium GlutaMax (DMEMu@Max, GIBCO Invitrogen)
supplemented with 20% fetal bovine serum (FBS; R&doratories GmbH - Austria), 1%
penicillin-streptomycin (Sigma-Aldrich), and 1% Hep(GIBCO Invitrogen). The fibroblasts
were passaged at sub-confluency and were useddetive 3rd and 6rd passage. Cells were
trypsinized (trypsin-EDTA; GBCO Invitrogen, 0.05%ypsin 0.53 mM EDTA) and
resuspended in serum-free DMEM GlutaMax contairffrgvastatin (500-1000 uM, final
concentration) 30 minutes before irradiation. CeMse irradiated at: 2Gy, 8Gy and 16 Gy
irradiation with Linear Accelerator (Precise Elekthose rate of 1,243 cGy/UM). Culture
conditioned medium and fibroblast were collecte@-24 and 48 hours post-irradiation and

frozen in 80°C until analysis.

Protein isolation and gelatin zymography

Cells were lysed in RIPA buffer containing proteas® phosphatase inhibitors (Roche).
Zymography was performed as previously describedeadis lysed and colture conditioned
medium [ref]. Briefly, samples were separated bgcwbphoresis on 80 ¢g/L SDS-

polyacrylamide gels copolymerized with 1 g/L gelafType A from porcine skin; Sigma-

Aldrich, Milan, ltaly). Gels were washed in 2,5%itdn X-100, incubated in a buffer

containing 50 mmol/L Tris—HCI (pH 7.8), 5 mmol/L CR-2H20, 0.005% Brij 35, 0.02%
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Azide and 1 pmol ZnClI2, stained with 5 g/L Coomadsiue in 300 mL/L isopropanol/100
mL/L acetic acid, and destained in a 300 mL/L metd¥d00 mL/L acetic acid solution.
Gelatinolytic bands appeared as clear zones agtdiedblue background. Gelatinases were

identified by their molecular weight and densitorieeanalysis were performed.
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In order to investigate the anti-fibrotic efficadyiggered by Rho/ROCK inhibition,
pulmonary fibrosis was modeled using chronic ing@ctiof Bleomycin and single dose RX-

irradiation.

Pharmacological inhibitors of the Rho/ROCK pathwayevent and reverse lung fibrosis.
Mice were treated with various Rhoe( pravastatin and simvastatin) and ROQkK.(Y-
27632) inhibitors using both mitigating and curataeproaches according to the schedule
shown in materials & methods (Fig.11 A e B).

Survival rates were monitored according to the owmi treatments and
histopathological examinations were performed. mme tBleomycin model, curative
administration of Pravastatin and Y-27632 (from d2fy to day 40) partially rescued
bleomycin-induced mortality, whereas Simvastatin @istration only delayed mortality
(Fig. 13B). Bleomycin administration induced typicabpleural and intra-parachymatous
fibrotic lesions with dense extracellular matrix pdsition (saffron-orange staining),
associated with remodeled vessels surrounded égsatinflammatory infiltration (Fig. 13C).
Interestingly, a significant improvement of lungusture was observed in the animals treated
with the 3 drugs. Thin fibrotic lesions were stibbserved in sub-pleural area but the overall
pulmonary structure was normal. Pravastatin induttexd same anti-fibrotic action in the

model of radiation-induced lung fibrosis (RX, 19)Gy
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L :{:I — Bleomycin

Bleo+Pravastatin
Bleo+Simvastatin
. Blen4Y-27632

Bleomycin Bleo+Pravastatin Bleo+Simvastatin Bleo+Y-27632

Fig. 13 Reversion of bleomycin-induced pulmonary fibrosis.B. Monitoring of the survival rates. In the
Bleomycin model, curative administration of Praasist and Y-27632 partially rescued bleomycin-indiice
mortality, whereas Simvastatin administration aidyayed mortality.

C. BLM induced widespread subpleural thickening aratked fibrotic lesions with dense extracellular rixat
deposition (saffron-orange staining), associateth wedema of alveolar septa. Intra-parachymatdustfc
remodeling surrounding vessels was observed witenge infiltration of inflammatory cells including
macrophages, lymphocytes and neutrophils, leadingbhormal lung architecture. The 3 drugs usedh@n t
animals reduced oedema of alveolar walls and thicigeof subpleura. Small fibrotic lesions werel stihserved
in sub-pleural area but the overall pulmonary stmecwas normal.

Prophylactic administration of Pravastatin and Sitatha also gave positive results
preventing from the development of Bleomycin-indiideng fibrosis (Fig. 14 C). Mortality

was delayed but the overall survival rate did ngtriove (Fig. 14 B).
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= L_‘——h — Bleomycin

= —[T:I_I_. Bleo+Pravastatin

- Bleo+Simvastatin

Bleomycin . : Simvastatin+Bleo

Fig. 14 Prevention of bleomycin-induced pulmonary fibrosis B. Mortality was delayed but the overall
survival rate did not improve.

C. Preventive and concomitant administration of Pstatin and Simvatatin gave positive results praagnt
from the development of Bleomycin-induced lung ditis.

No intra-parenchymatous fibrotic lesions were obserin the animals long-term-

treated with Pravastatin (from week 5 to week 1&tiwadiation) (Fig. 15).

19Gy+Pravastatin

Fig. 15 Reversion of radiation-induced pulmonary fibrosis.Pravastatin induced the same anti-fibrotic action

in the model of radiation-induced lung fibrosis (RO Gy). No intra-parenchymatous fibrotic lesiomanimals
long-term-treated with Pravastatin (from week Sviek 15 post-irradiation).
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In order to understand the molecular basis of ithr@lfytic action triggered by Pravastatin, we
investigatedn situ by immunohistochemistry the downstream effectrafvpstatin inhibition
on RhoB, TGHRIl and CCN2 expression 15 weeks after irradiationlungs of mice

irradiated and treated or not with Pravastatin.(E&).

Pravastatin modulates the fibrogenic cascade inwoty TGF-ARII and Rho in the lungs.

In non-irradiated lungs, type | pneumocytes did mstdined for RhoB whereas few
microvessels and macrophages were positive. BRIFstaining was stronger and located in
alveolar septa and macrophages. CCN2 was not esqat@s normal lung (Fig.16).

The irradiated group exhibited dense sub-pleubabfic lesions; thénterstitiumwas invaded
by extracellular matrix and massive infiltration ofyofibroblasts, polynuclear cells and
macrophages. Within these remodelled zones, a-biamkn RhoB staining was observed in
all interstitial cells and at the plasma membrahenoooth muscle cells surrounding bronchi.
TGF3RIl staining was even more intense in interstitalls and may also appear in the
extracellular space suggesting the release of @ksofraction of the receptor in irradiated
lungs. The cytoplasm of bronchial epithelia celisl @eri-bronchial smooth muscle cells also
stained for TGH3RIlI. CCN2 deposition was associated with extra¢atlmatrix deposition
within the fibrotic area, bronchial epithelial cells well as vessels also stained for CCN2.
Interestingly, Pravastatin-treament normalized éixpression of the three markers: RhoB
expression being restricted to the peri-vasculaa,aif GFBRII to alveolar septa and slight
TGFPBRII and CCN2 staining in type Il pneumocytes, confng the involvement of

Rho/ROCK/CTGF pathway in lung fibrosis (Fig. 16).
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Figure 7 Sham IR 19 Gy IR 19 Gy+ Prava

15 weeks 15 weeks

o

HES

Rho B

TGFBRII

Fig. 16: Normalization of RhoB, TGFBRII and CCN2 in lungs after pravastatin treatment. Histological
analysis of pulmonary tissue by HES and immunostgimf Rho B, TGFBRII and CCN2 in sham, 19 Gy
irradiated group (IR 19Gy) and pravastatin treapexip (IR 19 Gy + Prava). Original magnificationl®0.

Moreover, we questioned whether the anti-fibrotttiam of Pravastatin was associated with
MMP-mediated fibrolysis on extracellular matrix. Abrotic tissues are know to be
composed of fibrillar collagens, we specificallywastigated the modulation of gelatinases,
especially MMP2 and its natural inhibitor TIMP2, iwo models of radiation-induced

fibrosis: in the gut and the lung.
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Preventive and curative anti-fibrotic action of pvastatin involved distinct fibrolytic
mechanism in irradiated gut.

Representative immunohistochemical staining pattefmMgMP2 and TIMP2 in samples are
shown in figures 17 A and B. In Sham-irradiated neals no MMP2 nor TIMP2
immunostaining was found, whereas irradiation ireduea significant enhancement of MMP2
staining at the 1and 26' week post-irradiation. Staining was mainly foundtie muscularis
propria with induction in the vessels of the suboszcand in 7-8% of mucosa’s epithelial

cells.

SHAM

RT 19Gy

Prava PREV

Prava CUR
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TIMP
15 week 26 week

SHAM

Prava PREV

Prava CUR

B

Fig. 17. A) Pravastatin trigger fibrolytic mechanisms in iréid gut. In control samples, MMP2 staining was
not detected. Expression and activity of metalltgirmse 2 significantly increase in pravastatinprging
treatment group where a strong increase in MMPiRistawas found. In this group, the balance bemdavor

of extra-cellular matrix degradation particulartyl® weeks.

B) In Pravastatin preventing-treated group, TIMP2rsta also increased in particular in the epithetiell of
the villi and in muscular layer, but seems weakesgjgesting a balance in favour of an ongoing Hhio
process. Instead, there isn't a substantial indndtit MMP2/TIMP2 expression in curative group.

Interestingly, when animals were treated with psta&@n as mitigator, a strong increase in
MMP2 immunostaining was found in each intestingela In the ileal mucosa, MMP2 was

detected in 30% of epithelial cell of the villi amal the lamina propria, especially in sub-
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epithelial myofibroblasts and in inflammatory cedls well as in smooth muscle cells of the

muscularis propria (Fig. 18).

Fig. 18. A) Intestinal MMP2 immunohistochemical stining in Pravastatin-preventing treated group. A
strong increase in MMP2 staining was found in dagkr of the bowel. Original magnification, x10.

B) and C) MMP-2 immunolocalization in villi. Irradiated gut treated with Pravastatin as a ntibigahowsa
strong increase in MMP2 expression epithelial cells(arrows) and smooth muscle cells of the muscularis
propria(arrowhead).

TIMP2 staining also increased, in particular in épgthelial cell of the villi, in muscular layer

and, more rarely, in inflammatory cells, but wasaiest than MMP2 staining, suggesting a
balance in favour of an ongoing fibrolytic proce¥ghen pravastatin was administered in a
curative way, no alteration of MMP2 and TIMP2 immostaining was seen than sham-
irradiated animals, suggesting that fibrolysis oscearlier or that another mechanism was

involved
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Fibrolysis mediated by MMP?2 is involved in the fissphases of Pravastatin mechanisms to

reverse lung fibrosis

Representative immunohistochemical staining pattefmMgMP2 and TIMP2 in samples are

shown in Fig. 19 A and B.

MMP2

26 week

SHAM
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TIMP2

SHAM

RT 19 Gy

PRAVA CUR

B

Fig. 19. A) and B) Fibrolysis mediated by Pravastat, via MMP2, reverse lung fibrosis.

In Sham-irradiated animals no MMP2 or TIMP2 immua@sng is found. Single dose of 19 Gy induced a
significant enhancement of MMP2 and TIMP2 stainird]' and 26" week post-irradiation in smooth muscle
cells, in fibroblasts and reactive bronchial epitiiecells and less frequently in squamous typedymocytes. In
Pravastatin curative-treated group™Mieek post-irradiation, a strong increase in MMR&nunostaining was
found in smooth muscular layer of vessels and broaad in squamous type | pneumocytes followed by a
reduction on 28 week. Regarding TIMP-2, it was found in residuzth ®pithelial fibroblast/myofibroblast foci
and also in some reactive bronchial epithelialscell

In Sham-irradiated animals no MMP2 or TIMP2 immuaosng was found, whereas
similarly to what occurred in the gut, irradiatiomduced a significant enhancement of MMP2
and TIMP2 staining at the T5and 26™ week post-irradiation in smooth muscle cells, in

fibroblasts and in reactive bronchial epitheliallsseand less frequently in squamous type |
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pneumocytesThe diffuse intra-alveolar fibrosis was a commomding, with an excessive
collagen deposition and cell proliferation in aasps that obliterated the alveolar spaces. The
fibrotic lesions were essentially located in subupal areas and around large vessels with a
severe distortion of the structures. Areas of acinyery were characterized by fibroblastic
foci and inflammatory cells as lymphocytes and mplascells. It was common to observe
sheets of macrophages within the alveolar spacasaMe vascular injury and haemorrhage
were noted in more advanced areas of fibrosis.

Interestingly, when pravastatin was administerecuirative way, 1% week post-irradiation, a
strong increase in MMP2 immunostaining was foundnrmooth muscular layer of vessels and
bronchi and in squamous type | pneumocytes follobied reduction on Z6week. Regarding
TIMP-2, it was found in residual sub epithelialriblast/myofibroblast foci (figure 20 A and
B), some of them patrtially occupying the alveolpaces. TIMP-2 was also observed in some
reactive bronchial epithelial cells.

Balance is in favor of fibrolysis especially in tearly phase of the treatment (the first"15

week).

Fig. 20. A) Pulmonary TIMP-2 localization in Pravagatin curative-treated group.

Lung exhibiting immunolabeled subepithelial fibrasi/myofibroblast foci, partially occupying the edblar
spaces, stained for TIMP-2. Original magnificatistp.

B) Positive fibroblast (arrowhead) and negative mplsages (arrows). Original magnification, x40.
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Zymography preliminaryresults: irradiation and Pravastatin induced gelagse activity

To evaluate whether irradiation and Pravastatinicconduce gelatinase activity, gelatin
zymography was performed on gel culture supernai@amd cells lysed. Our very preliminary
results showed MMP2 expression in conditioned med{gig. 19): it seems to be a time-
dependent MMP2-active form secretion, but most ingya, irradiation and Pravastatin,
alone and in combination, seemed to increase #useson, in particular at 4 and 6 h after

irradiation. This induction is evident for 24 h.
Pro-MMP2 band increased from 24h after irradiatidiMP9 was not detected.

Analyses of gelatinase activity in cells lysed afigr different doses of radiation (2-8-16 Gy)

and drug (500 and 10QOV) are ongoing.

80 KDa

58 KDa 16Gy P1000 16Gy+ CTRL 16Gy P1000 16Gy+
P 1000 P 1000

80 KDa

< pro-MMP2 72 KDa
— i i . - PN

58 KDa CTRL 16Gy P 1000 16 Gy+ CTRL 16Gy P 1000 16 Gy +
P 1000 P 1000
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MMP2 active form expression
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Radiotherapy to the chest and abdomen is effipamary treatment of several cancers with
good prognosis (breast, lymphoma, gynaecologiaatpte etc). The long survival of patients
allow the expression of delayed radiation damagpeyTican potentially be further exacerbated
by novel treatment modalities (for example monoalantibodies) In that context, one of the
most concerning aspects of radiation-induced toxiis fibrosis, due to its progressive and
seemingly irreversible evolution.

Moreover, in lungs, fibrosis not only occur aftecalized high-dose pulmonary irradiation,
but are also seen subsequently to intermediatesdbske body irradiation used, for example,
as part of preconditioning regimens for bone manmnsplantatiot>.

Therefore, development of pharmaceutical agents ¢ha protect, mitigate, or treat the
development of fibrosis is highly needed in radentipy patients and may also be applied to
radioprotection purposes after nuclear or radi@algiterrorism or in cases of accidental
radiation exposurg&*’+17>

The biochemical induction and maintenance of ramhafibrosis is a complex process that
depends on continuous and integrated activatiopsidbat involve cell differentiation and
cross-talk between the various cellular componefithe tissue within the matrik In this
context, targeting one central pathway involvedascular, immune, and stromal pathogenic
response would provide an efficient antifibroticastgy.

Rho proteins are small GTPases acting as moleswéches to control a wide range of
cellular functions. We and others showed the ingurtfunctional contribution of the
Rho/ROCK pathway to radiation fibrogenesis, as pia@ological inhibition of Rho using
statins and specific ROCK inhibitors prevented anelersed intestinal radiation
fibrosis'" '8

We extend previous findings to examine delayed ynjtw lungs in mice, using an
experimental model of irradiation targeted spealficto the thorax; we also use a model of

pulmonary fibrosis induced by the chemotherapeutidiomimetic agent, bleomycin
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(BLM)'2 We found that for both irradiation and BLM-treatethimals the use of
pharmacological inhibitors of the Rho/ROCK cascaderoved both the histological
structure and normalized the expression of fibragenarkers. These data suggest that
Rho/ROCK activation by fibrogenic agents may behei organ-specific nor agent-specific,
but more likely a common response to the chronicnelduealing (active fibrotic) process.

Our previous studies showed that CCN2 regulatigredds upon low levels of TGFL and
Rho/ROCK pathway activation in mesenchymal celdaied from radiation enteropathy
patient$*1%81°

Similarly, delayed TGHBRII, RhoB and CCN2 activation were also shown iadrated lung.
Interestingly, the functional consequences of COMErexpression reported in our model are
consistent with the pathological modifications népd in transgenic mice over-expressing
CCN2 in lung (as reviewed 9.

The lung transgenic mice provided clear evidencat ®BCN2 overexpression impaired
formation of the alveolar and vascular network asged with fibrosis in and around alveolar
septa, bronchi and vessgls In addition, our results suggest the involvemehfRhoB to
transactivate CCN2 and trigger radiation-inducedjfilorosis.

Rho proteins are small GTPases acting as moleavigiches to control cell adhesion,
formation of stress fibers, and cellular contragtithrough the reorganization of actin-based
cytoskeletal structures. These functions are acashga specificallyia their effectors, the
ROCKSs"®and our previous expression profiling studies higited RhoA, B and ROCK-1 as
contributors to radiation-induced fibrogenesis amaintenance of the fibrogenic phenotype
[ref. INTRO]. Therefore we pharmacologically targ@tRho and ROCKs activation using
statins (pravastatin and simvastatiiand Y-2763%%.

These inhibitory drugs displayed anti-fibrotic prdps and improved delayed pulmonary
radiation injury and bleomycin-induced lung fibmsAs shown by ShimiZ{?, Williams'®*

andHorowitz'®’, pharmacological inhibition of ROCK by statinsather selective inhibitors
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reduces experimental radiation-induced lung filmosinhibition of ROCKs probably
contributes to some of the cholesterol-independmereficial effects of statin therapy.
However, statin and selective ROCKs inhibitors Rigpdifferent genomic targéefs
suggesting possible synergistic or additive prapgrnd opening novel options for combined
treatments.

With the recent development of RhoB and ROCKs-koatknice, further dissection
of the relevant signaling pathway is now possiflargeted deletion of ROCK-1 protects
mice from pressure overload and inhibits the deymlent of reactive fibrosis in the hedft
Furthermore RhoB deletion altered cell respons@ &1 signal$®®> As RhoBis also
known to control tumour radiosensitivit§*®’ it is possible that specific inhibition of RhoB
could trigger a differential beneficial effect, peoting normal tissue from radiation damage

and sensitizing tumours.

Another means by which Rho proteins are involvedautiation fibrosis is through regulation
of the extracellular matrix (ECM) by modifying miatmetalloproteinase activit§?*891°

We therefore hypothesized that delayed-radiationbrofis is a potentially
reversible/preventable process involving MMPs. Waneined the underlying mechanisms of
the antifibrotic action of Pravastatin using a marexperimental model of irradiation targeted
the thorax and a previous rat model of gut irradratWe also studiedh vitro the effects of
Pravastatin on gelatinases expression after itiadia

In vivo, we found that Pravastatin treatment inseghthe expression of MMP2 and TIMP2 in
two different models of radiation-induced fibrosla. gut, preventive antifibrotic action of
statin stimulated gelatinase activity and fibratyprocess occured, in particular, 15 weeks after

IR. Whereas, no change in MMP/TIMP expression vaasd in Pravastatin-curative treated

group.
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In the lung, enhanced expression of MMP2 was evittemice treated with statin, in this case
only in the first phases after treatment (15 wesdkey IR).

As previously described by Strup-Petfdta marked upregulation of collagen and enzymes
was involved in ECM remodeling in late radiation eiits, showing an induction of each
member of the MMP family, i.e., gelatinases, striysia, collagenases, and membrane-type
MMPs. The concomitant induction of MMP inhibitorsTIMP1, TIMP2, and PAI-1)
counterbalances this induction of MMPs, leadingatmet collagen deposition. Collagen
accumulation in radiation fibrosis has been thoughbe associated with a decrease in MMP
activity and increased TIMP levels.

In our study, statin contributed to reverse thisdency: the drug administered before and
during irradiation induced MMP2 secretion in epithlecell of the villi and in the lamina
propria, especially in sub-epithelial myofibrobksind in inflammatory cells as well as in
smooth muscle cells of the muscularis propriaulmgk, when Pravastatin was administered in
curative way, 1% week post-irradiation, a strong increase in MMRfmunostaining was
found in smooth muscular layer of vessels and broand in squamous type | pneumocytes
followed by a reduction on 36neek.

There are some reports showing that statins coetdedse the expression of several MMPs,

191,192 0193,194

including MMP2,in vitro as well asn viv
However, to our knowledge, a decreased activatioNMP2 in response to statins has not
been reported so far. MMP2 is synthesized as ativ@azymogen form, and must undergo a
proteolytical cleavage of its prodomain in ordeb&zome catalytically active.

Taras D. et al. showed that Pravastatin treatmesntlted in a significantly reduced activation
of pro-MMP2**°, Since only the active form of MMP2 is proteolgily active, this could be a

significant finding. The mechanism of activation mb-MMP2 involves the formation of a

complex with TIMP2% We found that Pravastatin treatment enhanced the
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immumohistochemical expression of TIMP2. This kely one of possible mechanisms for the
increased processing of pro-MMP2 to active MMP2.

Moreover, differences between our and others figglirwas probably do to specific
experimental model used and timing of Pravastatmiaistration and effect evaluation.

MMPs can be both profibrotic and antifiordil€ MMPs are profibrotic by releasing and
activating profibrotic growth factors (eg,TGH), which in turn activate migration,
proliferation, and survival of fibroblasts and migwéblastd®!98199

Statins had anti-fibrotic effects characterizedabyose-dependent decrease in the level of a
fibrosis-related growth factor (CTG®). TGF$1 has been described as the main CTGF
inducer; thus, one intriguing point of our previgusesults was that the CTGF-sustained
expression during the late fibrotic phase coulgéely independent of TGB1®.

In our model expression of MMP2 and TIMP2 could ibdependent of TGB1 et more
related to Rho/ROCK/CTGF pathway.

MMPs can also be anti-fibrotic by degrading extHat& matrix to prevent its excessive
accumulation in the tisstfé.

Continuous upregulation of MMP2 may play a duakrain the one hand to enhance matrix
remodelling, mainly in advanced stages, and on dkiger hand to inhibit fibroblast
proliferation.

In lungs of mice treated with Pravastatin, raredidast focus, characterized by a distinct
cluster of fibroblasts and/or myofibroblasts, amgdent within the alveolar wall. As in
Idiopathic Pulmonary Fibrosi&, in our lung fibrosis model, TIMP2 was found alrmos
exclusively associated with fibroblast foci. Airwdibroblasts and myofibroblasts are a
primary source of ECM proteins, including fibronactin subepithelial fibrosis linked to
airway remodeling.

As previously mentioned, although MMP inhibition the main function of TIMPs,

paradoxically, TIMP2 might be influencing an enhesh@ctivation of this enzyme through its
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binding to pro-MMP2. This feature may be of impattghysiological significance in
modulating the cell surface activation of pro-MMRich a mechanism should depend on the
molar equilibrium between the enzyme and the inbibiPravastatin seems to induce these

profibrolytic signals.

In conclusion ours studies shows a radiation-indusgulation of two important fibrogenic
pathways i(e. TGF$/Smad and Rho/ROCK) in lungs and support the pialletiterapeutic
importance of Rho/ROCK inhibition to treat radiati@md bleomycin-induced pulmonary
delayed injury and fibrosis. Furthermore our expemts show a possible mechanism by which
Pravastatin reduces vivo lung and gut post-actinic fibrosis. Our immunobéstemical
findings showed a possible mechanisms through Braiwa reverse balance of pro- and anti-
fibrotic molecules. Using these reliable modelsarfiation-induced fibrosis, we demonstrated

a significant protective effect of Pravastatin otestinal and pulmonary radiation injury.
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Our hypothesis is that the Rho/ROCK pathway mayahsentral mechanism in radiation-
induced fibrosis response and form an effectiveajeutic target to increase the therapeutic
index of radiation therapy.

We have show that Rho/ROCK pathway appears invoimedontrol of development and
maintenance of radiation-induced intestinal fibst<i*%®*3 |t plays also a role in cardiac and
pulmonary fibrosi¥. The mechanisms involved in pathological respdnseadiation injury
are complex and to elucidate completely their parthis form of fibrotic response, more

efforts are necessary.

| - Role of the Rho/ROCK pathway in the developmentaind maintenance of radiation-
induced fibrosis.

To show the involvement of the Rho/ROCK/CTGF cascad the development and
maintenance of radiation-induced fibrosis, we hdeeeloped a genetic approach based on
RhaB knockdown mice and the use of primary cells igmldrom Rh@ deficient mice. Two
models of pulmonary fibrosis will be generated bgracic irradiation and chronic Bleomycin
injection. These models will allow us to extend #stady of the involvement of the way
Rho/ROCK in the lungs. In parallel and to ensufetare transfer in clinical pharmacology, it
will necessary to test new pharmacological molecule

A first model of pulmonary fibrosis in RhoB defiatemice inducted by a single radiation
dose of 20 Gy are actually in course of characéom. First evidences at the
immunohistochemical level, show an important reiucof lung inflammatory response in

th?)"' lung mice compared to WT mice (C57BL6).

[I-Role of the EMT in the development and maintenare of radiation-induced fibrosis
The EMT is a phenomenon of phenotypic differentiatduring which epithelial cells lose

their epithelial signatures and acquire charadtesiof mesenchymal cells. The molecular
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characteristics of the EMT include: deregulatioradhesion molecules, increased expression
of MMPs leading to matrix remodeling, activationtbé family that controls Rac/Rho/cdc42
remodeling of the cytoskeletdi?** If all of these molecular characteristics haverbe
described in radiation-induced fibroSis®**° the direct contribution of EMT to our
knowledge has never been studied and will be eggloan models of pulmonary fibrosis

described above.
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Abstract: The medical options available to prevent or treat radiation-induced injury are scarce and developing effective
countermeasures is still an open research field. In addition, more than half of cancer patients are treated with radiation
therapy, which displays a high antitumor efficacy but can cause, albeit rarely, disabling long-term toxicities including
radiation fibrosis. Progress has been made in the definition of molecular pathways associated with normal tissue toxicity
that suggest potentially effective therapeutic targets. Targeting the Rho/ROCK pathway seems a promising anti-fibrotic
approach, at least in the gut; the current study was performed to assess whether this target was relevant to the prevention
and/or treatment of injury to the main thoracic organs, namely heart and lungs.

First, we showed activation of two important fibrogenic pathways (Smad and Rho/ROCK) in response to radiation-
exposure to adult cardiomyocytes, we extended these observations in vivo to the heart and lungs of mice, 15 and 30 weeks
post-irradiation. We correlated this fibrogenic molecular imprint with alteration of heart physiology and long-term
remodelling of pulmonary and cardiac histological structures. Lastly, cardiac and pulmonary radiation injury and
bleomycin-induced pulmonary fibrosis were successfully modulated using Rho/ROCK inhibitors (statins and Y-27632)
and this was associated with a normalization of fibrogenic markers.

In conclusion, the present paper shows for the first time, activation of Rho/ROCK and Smad pathways in pulmonary and
cardiac radiation-induced delayed injury. Our findings thereby reveal a safe and efficient therapeutic opportunity for the
abrogation of late thoracic radiation injury, potentially usable either before or after radiation exposure; this approach is
especially attractive in (i) the radiation oncology setting, as it does not interfere with prior anti-cancer treatment and in (ii)
radioprotection, as applicable to the treatment of established radiation injury, for example in the case of radiation
accidents or acts of terrorism.

Keywords: Fibrosis, radiation therapy, cardiac toxicity, pulmonary fibrosis, Rho/ROCK, Smad, Statins, ROCK inhibition.

INTRODUCTION conformal or intensity-modulated radiation therapy, com-
bined with new targeted drugs have significant promise for
therapeutic outcome, but could result in disabling normal
tissue injury in a subset of sensitive patients and in long-term
cancer survivors. Therefore, one great challenge of modern
radiation protection and radiation therapy is the development
of individualized treatment regimes [1] by i) early prediction
of individual radiosensitivity and outcome; and ii) protecting
normal tissues from radiation injury by increasing its
tolerance or treating the cellular and molecular defects that
disturb tissue homeostasis and interfere with proper wound
healing. The mechanisms involved in delayed normal tissue

Development of effective and safe radio-protective drugs
a key goal in the fields of radioprotection and radiotherapy.
The threat of nuclear and radiological attacks has grown
recently and only few drugs are available to treat the
resulting radiation injury. In parallel, radiotherapy is the
second most important treatment modality after surgery in
the treatment of cancer and over 60% of cancer patients are
treated with radiation therapy in France, with over 50%
completely cured. Recent technical progress, such as 3D-

*Address correspondence to this author at the Laboratoire UPRES EA 27- toxicity involve the activation of cytoklne/growth factor

10, "Radiosensibilité des tumeurs et tissus sains". PR1, 39, Rue Camille cascades resulting'in a non-co‘ntrolled ‘wound healipg’-type
Desmoulins. 94805 Villejuif CEDEX, France; Tel: +33(1)42.11.42.82; response. When vital organs like the heart, lung or intestine
Fax: +33(1)42.11.52.36; E-mail: vozenin@igr.fr are affected [2], the most concerning aspect of these late
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complications is radiation fibrosis which is a progressive
pathology with what has seemed an irreversible evolution.
Thus, the development of curative anti-fibrotic strategies is
nowadays highly anticipated by both patients and physicians
[3,4].

We and others recently showed that beside the activation
of the canonical TGF-B/Smad pathway, other intracellular
signaling cascades including the Rho/ROCK pathway are
switched on in fibrotic tissues. Interestingly, the Rho/ROCK
pathway seems differentially activated in radiation-induced
intestinal fibrosis, thereby providing a rationale for a
specific, targeted anti-fibrotic strategy [S]. Pharmacological
inhibition of Rho using statins indeed prevent and even
reverse intestinal radiation fibrosis [6-8]. Rho small GTPases
and their downstream effectors, ROCKs, are key regulators
of cell motility, controlling the dynamics of the actin cyto-
skeleton that trigger changes in cell morphology via myosin
phosphorylation [9] and may elicit the fibrogenic changes in
cell phenotype. Our main hypothesis is that persistent
alteration of the cell phenotype induced by irradiation
depends at least in part upon the Rho/ROCK/CCN?2 pathway
in various organs; the present study examined this precept in
heart and lungs to address this hypothesis. Therefore, we
investigated acute and delayed radiation-induced Rho/ROCK
and Smad pathway activation in primary cultures of
cardiomyocytes and in vivo in lungs and heart of mice, 15
and 30 weeks after whole thorax irradiation. As activation of
the Rho/ROCK/CCN2 cascade was seen, we validated its
therapeutic relevance by studying the prophylactic and
curative anti-fibrotic efficacy of various Rho and ROCK
inhibitors in experimental models of lung fibrosis. The data
suggest that targeting the Rho/ROCK pathway is effective in
preventing and treating delayed radiation-induced injury,
including fibrosis in various organs.

MATERIALS AND METHODS
Animals and Experimental Procedures

A total of 150 Female C57BL6 mice were obtained from
Charles Rivers France. Experiments were conducted under
the French regulations for animal experimentation (Ministry
of Agriculture Act No. 87-848, 19" of October, 1987) and
received ethics approval.

Primary Cardiomyocyte Isolation and in vitro Irradiation

Cardiomyocytes (CM) were isolated from C57B6 (8-12
week old) mouse ventricular tissue using the Cellutron
method (~0.6 million cells per heart). The procedure was
optimized for our use accordingly: 1) Hearts were minced
into pieces and digested at 37°C in Cellutron enzymatic
solution diluted two-fold to preserve CM structure and
function; 2) Incubation-time was reduced to 12 minutes and
cell suspension collected every 12min. The digestion
procedure was repeated four times. 3) CM were pelleted for
10 minutes in the incubator, plated onto Collagen type I-
coated (5 pg/ecm2, Becton) culture plates and subcultured in
FGM medium (Lonza). After plating, adherent CM were
irradiated in vitro at 16 Gy (RX, 250 KeV). Alteration of the
Rho/ROCK and Smad pathways were studied by
immunofluorescence and Western-blot 4 and 24h after
irradiation.
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Protein Isolation and Western Blotting

Cells and tissue were lysed in RIPA buffer containing
protease and phosphatase inhibitors (Roche). Immunodetec-
tion by Western-blot was performed by electrophoresis of
proteins in a 12% or 4-12% tris-HCL SDS-PAGE, trans-
ferred to PVDF membranes (Biorad). Equal loading of pro-
teins was confirmed by Ponceau red staining of membranes
after immunoblotting. Membranes were blocked with TBS-
Tween 0,1%- BSA 5%(sigma) and incubated with primary
antibodies included mouse polyclonal anti-Rho ABC (Pierce
89854; diluted at 1/500); rabbit polyclonal anti-TGF beta RII
(Santa Cruz H-70:s¢-28565, diluted at 1/250); mouse
monoclonal anti-smad 4 (Santa Cruz B-8:5¢c-7966, diluted at
1/500); rabbit polyclonal anti-smad 2/3 (Cell signalling:
4087, diluted at 1/500); sheep polyclonal anti-smad 2/3 P
(Santa Cruz : sc-11769, diluted at 1/500); rabbit polyclonal
anti- CCN2 (Abcam: ab6992, diluted at 1/250); mouse
polyclonal anti-a-actin sarcomeric (SIGMA, diluted at
1/250). After washing in TBS-T, membranes were incubated
with corresponding HRP secondary antibody conjugated (GE
Healthcare Life Sciences; diluted at 1/5000 in TBST
containing 2% BSA). Reactive proteins were visualized by
chemiluminescence detection system. Incubation with rabbit
monoclonal beta actin antibody was performed to normalize
the chemiluminescence levels and exposure times.

Animal Immobilization and Thorax Irradiation

Using a TEM anesthesia system (Bordeaux, France),
mice were anaesthetized by inhalation of an air/isoflurane
(Foréne, Abbott France, Rungis) mixture and irradiated with
a 200kV X-ray machine operated at 15mA with 0.2mm
copper filtration, providing an incident dose rate of 0.79
Gy/min. Doses of 16 and 19Gy were given to the thorax in
one fraction. To minimize unwanted off-target biological
responses which may confound interpretation of thorax data,
the rest of the animal was shielded with a 10mm thick lead
screen.

Echocardiography

A 14MHz transducer ultrasonographic system (Aplio,
Toshiba, Japan) was used to monitor heart physiological
parameters in anesthetized mice (isofluorane anesthesia,
0.75% to 1.0% in oxygen with spontaneous ventilation)
using Transthoracic M-Mode echocardiography, 15 and 30
weeks post-irradiation. Body temperature of the mice was
maintained using a heating pad. The left ventricle (LV) was
imaged in parasternal long-axis views to obtain different
measurements of LV. LV diameters at end-diastole
(LVEDD) and end-systole (LVESD) were measured accord-
ing to the American Society of Echocardiography leading
edge method [10]. LV fractional shortening (LVFS; %) was
calculated by the Teichholz method [11] as follows: LVES =
[(LVEDd-LVDs)/LVDd] X 100 and LV ejection fraction
(LVEF; %).

Histological Examination and Immunohistochemistry

One week after hemodynamic studies, the lungs and heart
were collected for histology and immunohistochemistry.
Organs were fixed in Finefix (Milestone medical, Italy),
paraffin embedded and cut into 4 um sections. Sections were
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stained with Hematoxilin-Eosin-Saffranin (HES) and exa-
mined using conventional light microscopy.

Expression of TGF-BRII, RhoB, and CCN2 deposition
were studied by immunohistochemistry as previously
described [12]. Primary antibodies were used at the
following dilutions: TGF-BRII 1:100 (Santa Cruz H-70:sc-
28565, RhoB 1:100 (Santa Cruz C-5:5¢-8048) and CCN2
1:50 (Santa Cruz L-20:sc-14939). Sections were incubated
with corresponding HRP-conjugated secondary antibody
(GE Healthcare Life Sciences; diluted at 1/5000 in TBST
containing 2% BSA). Endogenous peroxidases were blocked
by incubation with 0.1% H,0O, in PBS for 10 min. Colour
development in immunoperoxidase staining was performed
with 3,3'-diaminobenzidine enhanced liquid substrate system
(DAB) and sections were counterstained using Mayer's
haematoxylin (Fluka Chemie, Buchs, Switzerland). Images
were acquired using a Leica microscope equiped with a JVC
color video camera coupled to an imaging analysis system
(Histolab software, Microvision, France). In the lung, tissue
lesions were scored as fibrotic in each of the subpleural,
vascular and intraparenchymal areas. Inflammatory infiltra-
tes were also scored. In the heart, the score related to
fibrosis, occurrence of stress fibers, necrotic areas, cardio-
myocyte hypertrophy and pericarditis.

Model of and

Experimental Fibrosis

Administration

Drug

The potential anti-fibrotic effect triggered by Rho and
ROCK pharmacological inhibitors (Pravastatin, Simvastatin
and Y-27632) was assessed in the well-characterized model
of BLM-induced lung fibrosis and after thorax irradiation
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(19Gy). Intra-peritoneal injection of BLM (5X40Mg/kg) was
performed every other day. Fibrosis occurrence was
monitored 40 days after initiation of BLM administration.
Animals were divided in 7 groups: sham, Bleomycin, Prava-
Bleo, Simva-Bleo, Bleo-Prava, Bleo-Simva, Bleo-Y group
according to the schemes shown Fig. (4). Pravastatin and Y-
27632 were hydrosoluble drugs, simvastatin was diluted in
DMSO at 10% and all drugs were administered via 2 weeks
Osmotic pump (Alzet, n°1002) implanted sub-cutaneously.
At day 40, lungs were collected for histology, fixed in
Finefix (Milestone medical, Italy), paraffin embedded and
cut into 4 um sections. Sections were stained with Hema-
toxylin-Eosin-Saffranin (HES) and examined using conven-
tional light microscopy. In the radiation-induced model,
pravastatin was administered in the drinking water between
the 5™ and the 15™ week post irradiation. Lungs and heart
were collected 15 weeks post-irradiation using the same
procedure.

Statistical Analysis

Data were expressed as the mean + SEM and analyzed
using the t-test.

RESULTS

Irradiation Induces Sequential Activation of Smad and
Rho Pathways and Cytoskeletal Remodeling in Primary
Cardiomyocytes

The balance between TGF-B1/Smad and Rho/ROCK
pathway signalling to mediate activation of the fibrogenic
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Fig. (1). Effect of irradiation and involvement of Smad and Rho pathways in adult mice cardiomyocytes. A. Western blotting and
quantification of RhoB, Smad4, phospho-Smad2/3 and CCN2 expression in cardiomyocytes sham-irradiated and 4h and 24h after 16Gy-
radiation. An equal amount of samples (40 pg protein) was loaded and actin is shown as loading control. B. Imunolabelling of sarcomeric o-

actin in cardiomyocytes freshly isolated and in vitro irradiated at 16Gy.



1398 Current Drug Targets, 2010, Vol. 11, No. 11

A

Sham 116Gy
B Heart Weight/Body Weight (maia)
30 weeks

. ®
T
B
5 I

+
4
a
2
i

Sham

Monceau et al.

Sham

16Gy

Fig. (2). Radiation-induced cardiac hypertrophy. A. Pictures of whole excised heart and HES staining sampled from sham and irradiated
mice (16Gy). B. Heart weight/body weight ratios (mg/g) of irradiated mice was increased compared with sham, as indicated. *,p<0.05. Total
heart weight was indexed to tibia length. C. Representative M-Mode echocardiograms obtained from 16Gy irradiated mice or sham.

mediator CCN2 was investigated by Western blotting in
primary cardiomyocytes. Irradiation at 16Gy induced early
phosphorylation of Smad2/3 and increased expression of
Smad4, indicative of Smad pathway activation 4h post-
irradiation (Fig. 1A). This was followed by radiation-
induced increase of the isoprenylated Rho form 24h after
irradiation, indicative of Rho activation. Subsequent CCN2
production occurs 24h post-irradiation (Fig. 1A). IF studies
showed a radiation-induced remodelling of the central
network of a- sarcomeric actin which is the main structural
protein of cardiac muscle (Fig. 1B). Alteration of actin
network in irradiated CM was visible as early as 4h after
irradiation and persists at 24h and consistent with
Rho/ROCK alteration.

Irradiation Initiates Heart Failure

Photography of whole excised heart from non-irradiated
and irradiated mice (16Gy) as well as HES staining of whole
heart sections showed radiation-induced cardiac hypertrophy
(Fig. 2A). These findings were confirmed by the increased
ratio of heart weight/body weight in irradiated animals vs.
sham (7.4t1mg/g and 4.7+0.2mg/g, respectively;*p<0.05)
indicative of LV hypertrophy 15 weeks post-irradiation (Fig.
2B).

Measurements of cardiac physiological parameters
(Table 1) revealed an alteration of LV systolic function after
thorax irradiation as shown by the significant reduction of
ejection and of shortening fraction (approximately 25+9.6 %

Table 1. Echocardiographic Assessment of 0Gy, 16 Gy and 19Gy Irradiated Mice at 15 and 30 Weeks Post Irradiation

15 weeks post-irradiation 30 weeks post- irradiation
0 Gy 19 Gy 0 Gy 16 Gy
Heart rate (bpm) 534+/-50 522+/-56 487+/-63 498+/-27
LVEDD (mm) 3,5+/-0,5 3,5+/-0,3 3,2+/-0,2 3, 3+/-0,9
LVESD (mm) 1,8+/-0,3 2,4+/-0,4 1,6+/-0,4 2,2+/-0,5
Fractional Shortening (%) 48,6 +/- 2.1 31,4+/- 5,6%** 492+/-4,5 32.4+/-7.3%*
Ejection fraction (%) 80,9+/- 2,6 60,4+/-7,8 * 81,8+/-5,9 62,0+/- 10,7 *

Data are presented as mean + SE. LVEDD: left ventricular end-diastolic diameter; LVESD:

sham.

left ventricular end-systolic diameter. *p<0.05;**p<0.01,***p<0.001,irradiated mice vs.
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and 35+11.4 % respectively; *,p<0.05 and ***,p<0.001)
15 weeks post-19 Gy-irradiation (Fig. 2C and Table 1).
Alteration of the ejection and shortening fraction was also
seen after 16Gy irradiation but 30 weeks of latency were
required to induce a significant decrease (approximately
24+13 % and 34+14.8 % respectively; *,p<0.05 and
** p<0.01). These results are consistent with progressive
development of heart failure.

TGF pRl
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Irradiation Induces Delayed Activation of TGF-BRII,
RhoB and CCN2 in the Heart

Immunostainings of TGF-BRII, Rho B and CCN2 were
performed in heart sampled 15 weeks after thorax irradiation
(Fig. 3). A significant increase in TGF-BRII was observed at
the plasma membrane of cardiomyocytes and microvascular
endothelial cells. Rho B expression also increased and was

IR 16 Gy

15 wooks

Fig. (3). Heart sections from sham and 16Gy irradiated mice 15 weeks after irradiation. Histological assessment of cardiac ventricular
pathology by HES and immunostaining of Rho B, TGFBRII and CCN2 in sham or 16 Gy irradiated mice. Original magnification X 400.
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Fig. (4). Reversion of bleomycin-induced pulmonary fibrosis. A. Schematic diagram of curative approach. Animals were treated with Rho
(pravastatin and simvastatin) and ROCK (Y-27632) inhibitors from 25 day to 40 day after Bleomycin intra-peritoneal administration. B.
Monitoring of the survival rates. In the Bleomycin model, curative administration of Pravastatin and Y-27632 partially rescued bleomycin-
induced mortality, whereas Simvastatin administration only delayed mortality. C. BLM induced widespread subpleural thickening and
marked fibrotic lesions with dense extracellular matrix deposition (saffron-orange staining), associated with oedema of alveolar septa. Intra-
parachymatous fibrotic remodeling surrounding vessels was observed with intense infiltration of inflammatory cells including macrophages,
lymphocytes and neutrophils, leading to abnormal lung architecture. The 3 drugs used in the animals reduced oedema of alveolar walls and
thickening of subpleura. Small fibrotic lesions were still observed in sub-pleural area but the overall pulmonary structure was normal.
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restricted to vascular and peri-vascular areas. Similarly, using chronic injection of Bleomycin and single dose RX-
increased deposition of CCN2 was found in interstitial tissue irradiation. Animals were treated with various Rho (i.e.
surrounding cardiomyocytes (Fig. 3). pravastatin and simvastatin) and ROCK (i.e. Y-27632)

inhibitors using both mitigating and curative approaches
Pharmacological Inhibitors of the Rho/ROCK Pathway according to the schedule shown Figs. (4A, 5A and 6A).

Prevent and Reverse Lung Fibrosis Survival rates were monitored according to the various

In order to investigate the anti-fibrotic efficacy triggered treatments and histopathological examinations were per-
by Rho/ROCK inhibition, pulmonary fibrosis was modeled formed. In the Bleomycin model, curative administration of
o i
A Z
- ]
B .
s ik —_— Blmyin
| L . BlaxtPravasain
-| ¥ Bleo+ Simvastaiin

Fig. (5). Reversion of radiation-induced pulmonary fibrosis. A. and B. Pravastatin induced the same anti-fibrotic action in the model of
radiation-induced lung fibrosis (RX, 19 Gy). No intra-parenchymatous fibrotic lesions in animals long-term-treated with Pravastatin (from
week 5 to week 15 post-irradiation).

A

Presastatin in drinking water
A0mg/kg

[e] 5w 15w

Fig. (6). Prevention of bleomycin-induced pulmonary fibrosis. A. Schematic diagram of mitigating approach. Animals were treated with
Rho (pravastatin and simvastatin) and ROCK (Y-27632) inhibitors from -2 day to 10 day after Bleomycin intra-peritoneal administration. B.
Mortality was delayed but the overall survival rate did not improve. C. Preventive and concomitant administration of Pravastatin and
Simvatatin gave positive results preventing from the development of Bleomycin-induced lung fibrosis.



Targeting Rho/ROCK Pathway to Improve Radiation-Induced Toxicity

Pravastatin and Y-27632 (from day 25 to day 40) partially
rescued bleomycin-induced mortality, whereas Simvastatin
administration only delayed mortality (Fig. 4B). Bleomycin
administration induced typical subpleural and intra-para-
chymatous fibrotic lesions with dense extracellular matrix
deposition (saffron-orange staining), associated with remo-
deled vessels surrounded by intense inflammatory infiltration
(Fig. 4C). Interestingly, a significant improvement of lung
structure was observed in the animals treated with the 3
drugs. Thin fibrotic lesions were still observed in sub-pleural
area but the overall pulmonary structure was normal.
Pravastatin induced the same anti-fibrotic action in the
model of radiation-induced lung fibrosis (RX, 19 Gy). No
intra-parenchymatous fibrotic lesions were observed in the
animals long-term-treated with Pravastatin (from week 5 to
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week 15 post-irradiation) (Figs. 5A, B). Prophylactic
administration of Pravastatin and Simvatatin also gave
positive results preventing from the development of
Bleomycin-induced lung fibrosis (Fig. 6C). Mortality was
delayed but the overall survival rate did not improve (Fig.
6B).

Pravastatin Modulates the Fibrogenic Cascade Involving
TGF-BRII and Rho in the Heart and Lung

We investigated in situ the molecular basis of the
fibrolytic action triggered by pravastatin using immunohisto-
chemistry. The downstream effect of pravastatin inhibition
on RhoB, TGF-BRII and CCN2 expression were studied 15
weeks after irradiation in heart and lungs of animals
irradiated and treated or not with Pravastatin (Figs. 7 and 8).

IR 18 Gy
15 wonks

1R 1% Gye Prava

Fig. (7). Normalization of RhoB, TGFBRII and CCN2 in lungs after pravastatin treatment. Histological analysis of pulmonary tissue
by HES and immunostaining of Rho B, TGFBRII and CCN2 in sham, 19 Gy irradiated group (IR 19Gy) and pravastatin treated group (IR 19

Gy + Prava). Original magnification X 100.

15 weeks

HES

Rho B

TGFRRI

IR 19 Gy
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IR 18 Gy+ Prava
15 wesks

Fig. (8). Normalization of RhoB, TGFBRII in the heart after pravastatin treatment. Histological analysis of myocardial tissue by HES
and immunostaining of Rho B and TGFBRII in sham, 19 Gy irradiated group (IR 19Gy) and pravastatin treated group (IR 19 Gy + Prava).
Arrowheads denote regions of necrosis after a high dose of irradiation in 19 Gy irradiated group. X200 magnification for irradiated group

and pravastatin treated group.
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In non-irradiated lungs, type I pneumocytes did not
stained for RhoB whereas few microvessels and macro-
phages were positive. TGF-BRII staining was stronger and
located in alveolar septa and macrophages. CCN2 was not
expressed in normal lung (Fig. 7).

The irradiated group exhibited dense sub-pleural fibrotic
lesions; the interstitium was invaded by extracellular matrix
and massive infiltration of myofibroblasts, polynuclear cells
and macrophages. Within these remodelled zones, a black-
brown RhoB staining was observed in all interstitial cells
and at the plasma membrane of smooth muscle cells sur-
rounding bronchi. TGF-BRII staining was even more intense
in interstitial cells and may also appear in the extracellular
space suggesting the release of a soluble fraction of the
receptor in irradiated lungs. The cytoplasm of bronchial
epithelia cells and peri-bronchial smooth muscle cells also
stained for TGF-BRII. CCN2 deposition was associated with
extracellular matrix deposition within the fibrotic area,
bronchial epithelial cells as well as vessels also stained for
CCN2.

Interestingly, Pravastatin-treament normalized the exp-
ression of the three markers: RhoB expression being restricted
to the peri-vascular area, TGF-BRII to alveolar septa and
slight TGF-BRII and CCN2 staining in type II pneumocytes

(Fig. 7).

Increased cardiac expression of RhoB and TGF-BRII was
confirmed 15 weeks after 19Gy thorax irradiation and was
more intense than after 16Gy (Fig. 8). Structurally 19 Gy-
irradiation induced more damages than 16Gy with zones of
tissue necrosis (shown by arrows). Interestingly, treatment
with pravastatin significantly attenuated the development of
myocardial fibrosis and necrosis and normalized the
expression of the fibrogenic markers (Fig. 8).

DISCUSSION

Awareness of the potential risk of late cardiac disease
after exposure to radiation was raised by the analysis of
mortality from cancer and non-malignant diseases among
Japanese A-bomb survivors [13, 14]. In addition, radio-
therapy to the chest is unavoidable in the primary treatment
of several cancers with good prognosis, long survival times
hence allowing many years for the expression of radiation
damage. This can potentially be further exacerbated by
combinations of increasingly effective novel treatment
modalities for which data on long term normal tissue
consequences do not exist. Portions of the heart can lie
within the irradiated volume in the radiotherapy of breast
cancer and mediastinal Hodgkin’s disease; for the latter, of
special concern, since they are more susceptible to the late
effects of radiotherapy (including tissue damage and cancers
such as acute myelocytic leukemia, thyroid and breast
cancers) is the irradiation of patients during childhood [15].
In addition, the lung remains a dose limiting organ of
primary importance [16].

One of the most concerning aspects of radiation toxicity
is fibrosis, due to its progressive and seemingly irreversible
evolution. Therefore, developing therapeutic strategies to
prevent and treat such radiation injury is of high priority in
cancer research. We and others showed the important func-

Monceau et al.

tional contribution of the Rho/ROCK pathway to radiation
fibrogenesis, as pharmacological inhibition of Rho using
statins prevented and reversed intestinal radiation fibrosis in
humans [6-8]. In the present study, we extend these findings
to examine delayed injury to heart and lungs in mice, using
an experimental model of irradiation targeted specifically to
the thorax; we also use a model of pulmonary fibrosis
induced by the chemotherapeutic radiomimetic agent,
bleomycin (BLM) [17]. We found that for both irradiation
and BLM-treated animals, and for both heart and lung, the
use of pharmacological inhibitors of the Rho/ROCK cascade
improved both the histological structure and normalized the
expression of fibrogenic markers. These data suggest that
Rho/ROCK activation by fibrogenic agents may be neither
organ-specific nor agent-specific, but more likely a common
response to the chronic wound healing (active fibrotic)
process.

Cardiac radiation-induced pathological changes in
humans are well documented [18] and include congestive
heart failure, angina pectoris, myocardial infarction, and
valvular disorders. They typically occur from 1 to 25 years
after irradiation, causing elevated mortality from 10 years
after radiotherapy. There is evidence that older radiation
techniques considerably contributed to these findings, as an
overview of post-mastectomy radiotherapy for breast cancer
revealed a great reduction in mortality and in fact a survival
advantage for the use of modern technical approaches, such
as 3D-conformal radiotherapy, for post-mastectomy radio-
therapy which did not exist when older approaches were
used. Initiation of cardiac pathology has been mainly
attributed to vascular defect [19, 20], although their delayed
occurrence suggests a predominant role for parenchymal
cells including cardiomyocytes. Since cardiomyocytes are
post-mitotic cells, their sensitivity to ionizing radiation was
thought to be low. However, due to their high oxidative
metabolism and poor antioxidant defenses [21, 22] their
contribution to cardiac irradiation responses should be of
primary interest. In the only in vitro study published to date
[23], culture of fetal cardiac myocytes isolated from rats and
exposed to 8.5 Gy exhibited decreased mRNA level of TGF-
B1 and other genes involved in the mitotic process. This
report is not fully consistent with our observations, where
exposure of murine adult cardiomyocytes to a single dose of
16 Gy induced early activation of two important fibrogenic
cascades depending upon Smad2/3/4 and Rho and leading to
CCN2 deposition and cytoskeletal remodeling. These
discrepancies might result from differences between cell
models (mouse vs. rat; adult vs. fetal) and doses (16 vs.
8.5Gy) used. However, our observations of radiation-
induced fibrogenic pathways activation are supported by
results obtained by others using pro-apoptotic stimuli,
including nitric oxide, Phenylephrine [24] and Angiotensin II
stimulation [25, 26] as well as mechanical stretch [27]. The
functional relevance of our in vitro observations has been
investigated further in vivo and we report for the first time,
delayed radiation-induced cardiac hypertrophy associated
with alteration of cardiac physiological parameters consistent
with the development of heart failure. Cardiac hypertrophy
and alteration of physiological parameters are well-described
indicators of heart failure [28, 29]. Our data are consistent
with recent clinical reports obtained in radiotherapy patients
[15, 30] but inconsistent with results reported by Boerma
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et al. in a rat model who showed a radiation-induced
decreased EF [31]. Once again, the discrepancies might
result from the model used (mouse vs. rat) and irradiation
modalities (thorax vs. localized heart irradiation) and require
further investigation. Our data correlated functional
alterations with fibrogenic molecular imprints radiation-
induced heart disease, co-operative interactions between
delayed radiation-induced lesions and activation of
intracellular fibrogenic signaling pathways in situ with a yet-
never-described contribution for CCN2 in the heart.

Our previous studies showed that CCN2 regulation
depends upon low levels of TGF-f1 and Rho/ROCK path-
way activation in mesenchymal cells isolated from radiation
enteropathy patients [5, 32, 33]. Similarly, delayed TGF-
BRII, RhoB and CCN2 activation were also shown in the
present studies in irradiated lung and heart. Interestingly, the
functional consequences of CCN2 overexpression reported
in our model are consistent with the pathological modifica-
tions reported in transgenic mice over-expressing CCN2 in
the heart and lung (as reviewed in [34]). The heart trans-
genics exhibited cardiomyocyte hypertrophy and age-
dependent heart disease which progressed from compensa-
tory hypertrophy to ventricular dilatation and systolic heart
failure [35]. The lung transgenic mice provided clear
evidence that CCN2 overexpression impaired formation of
the alveolar and vascular network associated with fibrosis in
and around alveolar septa, bronchi and vessels [36]. In
addition, our results suggest the involvement of RhoB to
transactivate CCN2 and trigger radiation-induced heart
failure and lung fibrosis. Rho proteins are small GTPases
acting as molecular switches to control cell adhesion, for-
mation of stress fibers, and cellular contractility through the
reorganization of actin-based cytoskeletal structures. These
functions are accomplished specifically via their effectors,
the ROCKs [37] and our previous expression profiling
studies highlighted RhoA, B and ROCK-1 as contributors to
radiation-induced fibrogenesis and maintenance of the fibro-
genic phenotype [38, 39]. In addition, activation of RhoB
and ROCK-1 has also been described by Kajimoto et al. in
ductus arteriosus smooth cells [40]. In this model, their
upregulation is ROS-mediated, well-known mediators of
radiation-induced damage, supporting the pathophysiological
relevance of our results. Therefore we pharmacologically
targeted Rho and ROCKs activation using statins (pravas-
tatin and simvastatin) [41] and Y-27632 [42].

These inhibitory drugs displayed anti-fibrotic properties
and improved delayed pulmonary and cardiac radiation
injury and bleomycin-induced lung fibrosis. The results
extend previous studies that demonstrate a pivotal role for
Rho/ROCK in various cardiovascular diseases such as
atherosclerosis, restenosis, pulmonary hypertension, cardiac
hypertrophy and heart failure (as reviewed in [43]) to
radiation-induced pathology. Pharmacological inhibition of
ROCK by statins or other selective inhibitors led to the
upregulation and activation of endothelial nitric oxide
synthase and reduction of inflammation, atherosclerosis [44],
injury induced by ischemia reperfusion [45] and experiment-
tal radiation-induced lung fibrosis [46]. Inhibition of ROCKs
probably contributes to some of the cholesterol-independent
beneficial effects of statin therapy. However, statin and
selective ROCKs inhibitors display different genomic targets
[47] suggesting possible synergistic or additive properties
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and opening novel options for combined treatments. With
the recent development of RhoB and ROCKSs-knockout
mice, further dissection of the relevant signaling pathway is
now possible. Targeted deletion of Rock-I protects mice
from pressure overload and inhibits the development of
reactive fibrosis in the heart [48]. Furthermore rhoB deletion
altered cell response to TGF-3 signals [49]. As RhoB is also
known to control tumour radiosensitivity [50, 51], it is
possible that specific inhibition of RhoB could trigger a
differential beneficial effect, protecting normal tissue from
radiation damage and sensitizing tumours.

In summary, the present study shows a radiation-induced
regulation of two important fibrogenic pathways (i.e. TGF-
B/Smad and Rho/ROCK) in the heart and lungs. Further-
more, it supports the potential therapeutic importance of
Rho/ROCK inhibition to treat radiation and bleomycin-
induced pulmonary and cardiac delayed injury and fibrosis.
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