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RADIATION PNEUMONITIS AND FIBROSIS: MECHANISMS UNDERLYING
ITS PATHOGENESIS AND IMPLICATIONS FOR FUTURE RESEARCH

PeLAaGIA G. Tsoutsou, M.D., aND MICHAEL I. Koukourakis, M.D.
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Radiation pneumonitis and subsequent radiation pulmonary fibrosis are the two main dose-limiting factors when
irradiating the thorax that can have severe implications for patients’ quality of life. In this article, the current concepts
about the pathogenetic mechanisms underlying radiation pneumonitis and fibrosis are presented. The clinical course
of fibrosis, a postulated acute inflammatory stage, and a late fibrotic and irreversible stage are discussed. The
interplay of cells and the wide variety of molecules orchestrating the immunologic response to radiation, their
interactions with specific receptors, and the cascade of events they trigger are elucidated. Finally, the implications
of this knowledge with respect to the therapeutic interventions are critically presented. © 2006 Elsevier Inc.
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INTRODUCTION

Radiation pneumonitis and subsequent radiation pulmonary
fibrosis (RPF) are the two main dose-limiting factors when
irradiating the lung. As such, they limit the therapeutic ratio
in one of the most common and life-threatening cancers—
lung cancer—and, furthermore, can complicate the quality
of life of long-term survivors, such as patients who have
undergone radiotherapy (RT) for breast cancer or Hodgkin’s
disease. Finally, radiation pneumonitis can be the most
devastating complication of total body RT.

Although the advent of more sophisticated RT tech-
niques, such as conformal RT or intensity-modulated RT,
can permit dose escalation by limiting the normal tissue
complication probability, radiation pneumonitis and RPF
have not been eliminated, and therapy for these entities
presents a challenging problem for ameliorating the survival
rates and the quality of life of these patients.

Although intensive research in the past few decades has
revealed many interesting aspects of the underlying mech-
anisms, we are far from proposing a reliable pathogenetic
model. This is mainly because, first, it is not evident that the
results from research addressing the idiopathic conditions
leading to lung fibrosis can be extrapolated to radiation
pneumopathy. Second, despite the plethora of reports using
different animal models and fibrogenic agents, it is unclear
whether the biologic pathways described also apply to ra-
diation pneumonitis and RPF.

This critical review has combined the existing laboratory
and clinical research evidence in an attempt to provide a

background of the mechanisms underlying the pathogenesis
of radiation pneumonitis and RPF.

TERMINOLOGY

The term radiation pneumopathy refers to a continuing
process triggered after lung RT. This comprises two dis-
tinct, still tightly connected, abnormalities (1). One is radi-
ation pneumonitis, an early inflammatory reaction involving
alveolar cell depletion and inflammatory cell accumulation
in the interstitial space that occurs within 12 weeks after
lung RT. The second is a late phase of radiation fibrosis,
considered until recently as irreversible, that consists
mainly of fibroblast proliferation, collagen accumulation,
and destruction of the normal lung architecture (2). Between
them, an intermediate exudative phase may exist in patients
in whom acute pneumonitis fails to resolve completely.

Morgan and Breit (2) have challenged these concepts of
radiation pneumopathy by introducing the term sporadic
radiation pneumonitis, compatible with a diffuse lympho-
cytosis involving the whole lung. Although this suggestion
is important and clinically relevant, it has not yet gained
universal acceptance and the present review has focused on
the classic term.

INCIDENCE, CLINICAL
CHARACTERISTICS, MEASUREMENT

The incidence of radiation pneumopathy varies widely
among reports. Differences in radiation technique, aware-
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ness, method of reporting, and the evaluation of the symp-
toms themselves may account for this variability. The scor-
ing of radiation pneumonitis is difficult, because coexisting
medical conditions challenge the reliability of laboratory
measurements. Also, with combined modality therapy with
cytotoxic agents steadily being incorporated into clinical RT
practice, a greater incidence of severe radiation pneumonitis
is inevitable (3). It is beyond any doubt that the incidence of
radiation pneumopathy increases with concurrent drug ad-
ministration. A recent study reported that taxane-based ad-
juvant chemotherapy, a standard regimen for high-risk
breast caner patients, increases the incidence of radiation
pneumonitis to 35% (4).

The development of radiation pneumonitis depends on
treatment-related factors, such as the radiation dose, volume
of lung irradiated, fractionation schedule, and use of con-
current chemotherapy (5); patient-related factors, such as
preexisting lung disease, poor pulmonary function, smoking
(6), and unknown genetic predisposition, including im-
paired function of DNA repair and growth factor genes
(7, 8).

Radiation pneumonitis is an entity difficult to assess. The
rate and severity of symptoms increase when large lung
volumes are included or high doses (>50 Gy) are applied,
especially when combined with chemotherapy. The early
radiation clinical syndrome consists of nonspecific respira-
tory symptoms, such as low-grade fever, mild cough, or
mild dyspnea, which usually resolve after common doses of
corticosteroids and antibiotics. The acute pneumonitis phase
occurs within a time frame of 12 weeks after RT. Meticu-
lous assessment shows that 50-90% of patients undergoing
irradiation to the lung develop radiographic and pulmonary
function test abnormalities (9, 10).

Lung fibrosis develops insidiously in the previously irra-
diated field and stabilizes during the first 1-2 years (9).
Clinically, its manifestations depend on the amount of lung
parenchyma undergoing fibrosis, which defines the amount
of nonoxygenated shunting blood to the systemic circula-
tion. The symptoms comprise a varying degree of exertional
dyspnea and, in late stages, orthopnea, cyanosis, respiratory
failure, and cor pulmonale. For reasons that remain un-
known, patients irradiated for caudally located tumors have
a greater risk of radiation pneumonitis (11).

Distinct patterns of radiation-induced findings on CT
have been previously described (12). High-resolution CT is
the modality of choice when evaluating interstitial lung
diseases and would therefore also be the ideal method for
radiation fibrosis. A perfusion scan made with *™Tc and a
ventilation scan made with **Xe or '?"Xe are also useful (9).

A common spirometry test is essential in evaluating the
forced vital capacity, forced expiratory volume in 1 s, and
forced expiratory volume in 1 s/forced vital capacity ratio.
The changes corresponding to fibrosis would attribute to the
spirometry results a rather restrictive pattern of changes,
although an obstructive pattern may coexist because of
conditions such as smoking. An examination of the static
lung volumes would also be useful, but the most essential
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test for estimating the severity of pneumonitis and/or fibro-
sis is the diffusing capacity test for carbon monoxide (9).
The clinical, functional, and radiographic changes due to
radiation pneumonitis can be scored according to the Late
Effects on Normal Tissues—Subjective, Objective, Manage-
ment, and Analytic (LENT-SOMA) criteria and thus can be
evaluated in a reproducible and commonly understandable
method (13). Pulmonary function tests show a decline in 6
months after RT and continue to decline beyond 1 year. The
6-min walk test has been proposed as a safer method to
assess for radiation pneumonitis compared with common
pulmonary function tests (14).

PATHOGENETIC MECHANISMS

The process of radiation pneumopathy is undoubtedly
one of the most thought-provoking radiobiologic phenom-
ena. Interstitial inflammation leading to, or accompanying,
lung fibrosis is a complex process involving proinflamma-
tory and profibrotic cytokines produced by damaged and
activated cells of the interstitium and the alveolus, leading
to the loss of normal architecture within the lung (15).
Furthermore, similar genetic and molecular changes, such
as those observed after RT, have also been observed after
bleomycin infusion, suggesting that such changes belong to
a group of nonspecific reactions to tissue injury (16). In an
effort to distinguish in a more understandable way the
different actions and various pathways leading to post-RT
fibrosis, the different roles of the factors in this procedure
are grouped and presented in this article.

Interplaying cells

The peripheral lung parenchyma is composed of respira-
tory bronchioles, alveolar ducts, and alveoli. The alveolar
wall is covered by endothelium, which is connected to the
epithelium by way of a common basement membrane. The
interalveolar interstitial space is composed of fibroblasts,
alveolar macrophages, and extracellular matrix (ECM) (17).

There are two types of alveolar epithelial cells. Type 1
pneumocytes are squamous epithelial cells that cover =90%
of the surface of the alveolar epithelium. When injury
occurs, they are the first to be affected and to undergo
apoptosis, leading to the accelerated proliferation of Type II
epithelial cells (i.e., Type I precursors), to repopulate the
alveolar epithelium.

Type II pneumocytes (granular pneumocytes) are cuboi-
dal cells that synthesize and secrete the pulmonary surfac-
tant, which covers the alveolar surface and regulates the
alveolar surface tension (18). Type II cell hyperplasia rep-
resents a nonspecific marker of alveolar injury and repair.
These cells respond by increasing alveolar surfactant pro-
duction during the first 2—-6 weeks after RT (9).

The capillary endothelium is of the continuous type;
endothelial cells are linked to each other by tight junctions.
The basement membrane of capillaries is fused with that of
the alveolar epithelium to constitute a single alveolar-cap-
illary membrane. Gas transfer occurs from the intra-alveolar
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air, across the Type I cells, the fused basement membrane,
and, finally, across the endothelial cell to the vascular
lumen. The lymphatic endothelium is abundant along the
brochovascular structures but is absent from the alveolar
walls.

Two types of fibroblasts exist within the interstitium,
which, under normal conditions, are inconspicuous in
adults. These are the common fibroblast, which is located
parallel to the epithelium and is intimately associated with
the fiber elements of the ECM, and the myofibroblast, which
is stellate and is oriented perpendicular to the alveolar wall
(19). The myofibroblast is capable of contraction.

Alveolar macrophages play an important role in alveolar
physiology. Activated macrophages produce a variety of
cytokines with mitogenic or chemotactic properties for neu-
trophils and lymphocytes and also act directly on fibroblasts
and endothelial cells.

The ECM of the alveolar wall consists of a basement
membrane and an interstitial matrix among fibroblasts and
vessels. The ECM contains proteoglycans, fibronectin,
laminin, entactin, and Type IV and Type VII collagen (20).
Alveolar epithelial and endothelial cells, as well as fibro-
blasts, synthesize and maintain the basement membrane.
Alteration of the quantity and quality of the ECM occurs
during radiation pneumopathy as a result of activation of
collagen-synthesizing genes by fibroblasts. Early eleva-
tion of the collagens I/III/IV and fibronectin occurs and
persists until 8 weeks after lethal radiation (16). The most
dramatic elevation concerns collagen IV, which is an im-
portant component of the basement membrane of the endo-
thelium.

Histopathologic features of radiation pneumopathy

The data available on the histopathologic changes after
RT of human lung are limited, because patients undergoing
lung RT are unlikely to undergo diagnostic thoracotomy and
autopsies are rarely performed. The existing data have
mostly come from animal models.

The early histopathologic finding after RT is described as
diffuse alveolar damage (21). This includes edema of the
alveolar walls due to increased vascular permeability and
exudation of proteins in the alveolar space (22). Vessel
thrombosis may also occur, with focal necrosis and subse-
quent organization; intra-alveolar hemorrhage may also be
present. Infiltration with inflammatory cells (inflammation)
is evident and, at least in experimental models, subsides
rapidly within days (23). Depletion of Type I pneumocytes
is accompanied by hyperplasia of Type II pneumocytes, in
the context of the alveolar epithelium regeneration process
(23). Fibroblast proliferation and increased collagen accu-
mulation in the interstitium, as well as in the intra-alveolar
space, are key pathogenetic features. Within a few weeks,
thickening of the alveolar septa and fibrosis are evident (9).
Although not confirmed in humans, the phase of fibrosis is
accompanied by a second onset of leukocytic infiltration
(24). Fig. 1 shows the pathologic features of radiation pneu-
monitis schematically.

Radiation interference with gene expression

Quantitative and qualitative changes of the expression of
genes after RT (25, 26) lead to the overproduction of a large
number of cytokines and growth factors by irradiated cells
that act in an autocrine and paracrine fashion and give birth
to the finally recognizable histopathologic changes and clin-
ical syndromes. A recent report has suggested that such
changes in gene expression are a consequence of an in-
creased mRNA translation rather than increased transcrip-
tion (27). This phase of the direct induction of growth
factor, adhesion molecule, and cytokine overexpression by
ionizing radiation is probably the first event that triggers the
subsequent cascade of radiation pneumopathy.

Triggering inflammation

Evidence has suggested a central role for inflammation in
the initiation and establishment of radiation-induced pneu-
mopathy (28). Local recruitment of inflammatory cells,
including macrophages, is modulated by various cytokines
and chemokines. The inflammatory leukocytes then adhere
to adhesion molecules on the endothelial cells of the micro-
vasculature. This is followed by lymphocytic and macro-
phage transmigration into the interstitium. The production
of a variety of cytokines leads to the activation of fibroblasts
and of the endothelium, leading further to the initiation of
additional paracrine and autocrine loops between fibro-
blasts, endothelia, and macrophages.

A major conceptual advance has occurred in the area of
immune responses—the unveiling of the role of T helper
Type 1 and T helper Type 2 lymphocytes in the immune
response (29). T helper Type 1 lymphocytes seem to facil-
itate generation of interleukin (IL)-2 and interferon (IFN)-v,
resulting in enhanced cellular immune responses. T helper
Type 2 lymphocytes are associated with production of IL-4
and IL-10, which facilitate immunoglobulin production. T
helper Type 2 responses appear to prevail in progressive
lung inflammatory responses, with development of pulmo-
nary fibrosis. In contrast, T helper Type 1 responses appear
to resolve without a progressive and functionally disabling
outcome (24).

Cytokine and growth factor release

Cytokines and growth factors are pleiotropic and have a
wide range of activities. They are expressed after injury and
are nonspecific for the radiation injury. The measurement of
changes in cytokine levels may eventually prove useful in
predicting the risk of radiation-induced complications. How-
ever, cytokines are also derived from tumor and may con-
fuse the results when investigating a surrogate marker for
radiation pneumonitis.

MOLECULAR CONTRIBUTORS IN
RADIATION PNEUMOPATHY

Transforming growth factor-f3
Transforming growth factor (TGF)-f3 is a key cytokine in
the fibrotic process that induces phenotypic modulation of
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Alveolar wall is composed a. by pneumocytes
type | and Il (blue line) in direct contact with air (white
space) and b. the vascular endothelium (red line)
sharing a common basement membrane with
pneumocytes.

Early radiation damage leads to depletion of pneumocytes
type | and proliferation of type Il (dotted blue line) to
restore epithelial continuity. Direct endothelium damage
and activation (red lines) by secreted cytokines and growth
factors leads to vasodilatation, extravasation of proteins
that enter the intra-alveolar space (azure space).

Thrombosis of the vasculature (black line) and
intense accumulation of proteins and collagen
in the intra-alveolar space (dark blue space) leads
to collapse and obliteration of the lung architecture.

<‘ 4» Alveolar macrophages are present in normal lung
£ (dark red) but these become activated (pink) and highly
accumulated once radiation damage has occurred, under
VA( stimuli induced by inflammation and growth factor
< > production. In their turn, they contribute to the activation
’v‘ of fibroblasts and progression to fibrosis.

Fibroblasts and myofibroblasts are the predominant
cellular components in the alveolar interstitium. Activated
genes by oxidative radiation stress, cytokines and growth
factors produced by inflammatory cells and macrophages

lead to fibroblast proliferation, activation, over-production of
collagen and growth factors with paracrine and autocrine
activity, leading to pulmonary fibrosis.

The interstitial space (box) thickness is increased
(arrow) mainly due to collagen accumulation.

Gas exchange ability (thick arrow) is markedly reduced
(thin arrow) in radiation pneumopathy leading to respiratory
insufficiency or even to cor pulmonale.

NORMAL ALVEOLAR TISSUE

RAIDATION PNEUMOPATHY - FIBROSIS
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Fig. 1. Schematic representation of radiation pneumopathy.

human lung fibroblasts to myofibroblasts (30, 31). TGF-f is
a potent stimulator of collagen protein synthesis (32).
TGF-f gene expression has been shown to increase dramat-
ically at 1-14 days after RT, in parallel with changes in
fibroblast gene expression of collagens I/III/IV and fi-
bronectin (33, 34). Although inflammatory cells are the
source of TGF-f, pneumocytes and fibroblasts also contrib-
ute to TGF-f production.

In humans, thoracic RT is associated with persistently
elevated plasma TGF-S1 levels at RT completion (35).
However, it is the persistence of an abnormal level at the
end of treatment that indicates the degree of normal tissue
injury. Plasma TGF-f1 levels have been successfully used
for the stratification of patients into low-, intermediate-, and
high-risk groups for radiation pneumonitis development
(36). However, lung cancer patients often have elevated
plasma TGF-f3, levels because of tumor TGF-f3, production
(37). A decrease in TGF-£, expression may, therefore, occur
as the tumor regresses. Serial plasma TGF-f3, determina-
tions and dose—volume relationships are needed to identify
patients at low risk (38).

TGF-B, is secreted as a biologically inactive complex
that is activated by various elements, such as matrix

proteins and proteases, in response to tissue damage (39,
40). Latent TGF-S, activation can also directly occur by
way of DNA-damaging agents and free radical produc-
tion from RT (41). TGF-f3, increases extracellular matrix
production and decreases its degradation as a result of its
effect on the expression of proteases and protease inhib-
itors (42).

For experimental purposes, radiation-sensitive and non-
sensitive strains of mice have been produced. TGF-, and
TGF-f3; are both elevated in the sensitive host (16). In rats
treated with an adenoviral-mediated soluble TGF-£ Type II
receptor, fibroproliferative changes were markedly reduced
after RT compared with the controls (43).

Fibroblast growth factor family

Several members of the fibroblast growth factor (FGF)
family stimulate DNA synthesis in endothelial and epithe-
lial cells. They also protect endothelial cells from radia-
tion-induced damage by inhibiting apoptosis by way of
triggering signal transduction mediated by protein kinase C
receptors (44).

FGF-7/keratinocyte growth factor (KGF) is produced by
mesenchymal cells and exerts its activity exclusively on
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epithelial cells expressing KGF receptors (FGFR2-IIIb)
(45). KGF induces Type II cell proliferation and differen-
tiation. TGF-3 antagonizes the stimulatory effect of KGF
on Type II pneumocytes (46). FGF-10 also exerts mitogenic
activity exclusively on epithelial cells (47). Both factors
have a central role in embryonal lung morphogenesis (48).
KGF neutralizing antibodies suppress surfactant production
by lung epithelium (49). KGF levels increase after exposure
of lungs to bleomycin, reaching a peak within 2 weeks (50).
Various cytokines (IL-1, TNF-a, TGF-a, and platelet-de-
rived growth factor [PDGF]) have a regulatory effect on
KGF expression (51). Glucocorticoids suppress the produc-
tion of KGF by fibroblasts, and pretreated mice have re-
duced induction of fibroblast KGF, which questions the
value of cortisone in treating the early phase of radiation
pneumonitis (52).

TGF-f regulates the autocrine induction of basic FGF
(bFGF), resulting in activation of the ERK mitogen-acti-
vated protein kinase pathway and induction of the activator
protein-1 binding, a nuclear factor that regulates expression
of a variety of genes involved in fibrosis (53). bFGF pro-
motes fibroblast growth and differentiation and is produced
by endothelial cells within hours after radiation exposure
(54, 55). Serum concentrations of bFGF (together with
TNF-a and IL-6) are consistently greater in patients under-
going lung RT (56). bFGF also has chemotactic and mito-
genic properties for endothelial cells and stimulates secre-
tion of collagenase and plasminogen activator (57).

Tumor necrosis factor-a

TNF-a is produced by activated macrophages during the
fibrotic process and has proinflammatory and immunoregu-
latory effects (58). It stimulates fibroblast proliferation, se-
cretion of extracellular matrix proteins, production of col-
lagenase, and secretion of other proinflammatory cytokines
such as IL-1 and IL-6. Thoracic RT of mice resulted in an
increased presence of macrophages producing TNF-a in
bronchoalveolar lavage fluid, but this reaction settles within
4 months, suggesting that TNF-« has probably a role in the
early phase of radiation pneumonitis (59). Treatment with
recombinant TNF-a receptor, blocking TNF-« activity, re-
sults in resolution of fibrotic lesions in irradiated lungs of
mice (60).

Hypoxia and vascular endothelial growth factor pathway
Radiotherapy to the hemithorax in rats using a large
fraction of 28 Gy results in marked pulmonary hypoxia 6
weeks after RT that reaches a maximum within 6 months, as
shown by the intense localization of pimonidasole in lung
tissues (61). Because hypoxia is known to favor generation
of reactive oxygen species, upregulate TGF-f3, and promote
collagen formation, postradiation hypoxia may be an im-
portant factor in the tissue environment. Hypoxia slows
down the degradation of hypoxia-inducible factors (HIF) 1«
and 2« in cells, leading to activation of a variety of genes
encoding VEGF, erythropoietin, lactate dehydrogenase 5,
and >50 other genes involved in angiogenesis, glycolysis,

and apoptosis regulation (62). Upregulation of HIFs and of
VEGEF is evident in the pulmonary endothelium in severe
pulmonary hypertension, implying an important role in pul-
monary pathophysiology (63).

Apart from hypoxia, VEGF upregulation may occur by
TGF-f stimulation through Smad3 signaling (64). Because
VEGF induces VEGF receptors in fibroblasts and myofi-
broblasts (65, 66), TGF-B-mediated VEGF production by
these cells may trigger an autocrine stimulus leading to
fibrosis, as has been confirmed in patients with Crohn’s
disease (67).

Hepatocyte growth factor

Hepatocyte growth factor (HGF) is a membrane-spanning
tyrosine kinase, a product of the c-met gene, with angio-
genic properties. It is present in fibroblasts, epithelial cells,
and alveolar macrophages (68) and has a role in the alveolar
and bronchial morphogenesis in rats (69). After injury, HGF
levels increase in the whole lung, supporting the reparative
process (70). Continuous infusion of HGF in mice attenu-
ates the bleomycin-induced lung damage and, furthermore,
administration of HGF after establishment of bleomycin
fibrosis reverses the fibrotic process (71). As TGF-88
strongly suppresses the HGF expression in human fibro-
blasts (72), impaired HGF-mediated reparatory activity is
expected during radiation pneumopathy. This has been doc-
umented in idiopathic pulmonary fibrosis (73).

Platelet-derived growth factor

PDGF isoforms have an important role in stimulating the
proliferation and migration of myofibroblasts during fibro-
sis. PDGF action is directed to PDGF-« and - receptors
with tyrosine kinase activity that are present on the surface
of stimulated fibroblasts (74). Fibrotic activity of TGF-£
and bFGF seem to depend on PDGF profibrotic activity.
Irradiation of human lung endothelial cells results in up-
regulation of all isoforms (A, B, C, and D) of PDGF, and
subsequent coculture with human fibroblasts induces phos-
phorylation of the fibroblast PDGF receptors and prolifera-
tion (24). Radiation-induced expression of PDGF and phos-
phorylation of PDGF receptors persist even in the late phase
of radiation-induced fibrosis.

INTERLEUKINS

The ILs originate from lung macrophages, as well as from
a variety of nonmacrophage cellular sources (e.g., alveolar
epithelial cells, fibroblasts, mast cells). Studies of TNF-«
and IL-1, the early response cytokines, established the pri-
macy of these mediators in the upregulation of lung vascular
adhesion molecules. The IL-8 family of cytokines has che-
motactic activity for leukocytes and angiogenic activity.
They also induce collagen synthesis and cell proliferation
(28). Although most cytokines are thought to be proinflam-
matory, a family of anti-inflammatory interleukins also ex-
ists (75). IL-4, IL-6, IL-10, and IL-13 have powerful anti-
inflammatory effects, apparently related to their ability to
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suppress TNF-a production and consequently inhibit up-
regulation of endothelial adhesion molecules, such as inter-
cellular adhesion module-1 (ICAM-1).

IL-6 is an acute phase proinflammatory cytokine pro-
duced by activated alveolar macrophages, T helper lympho-
cytes, lung fibroblasts, and Type II pneumocytes (76). Al-
though IL-6 induces apoptosis of normal lung fibroblasts, it
prevents apoptosis of activated fibroblasts in patients with
idiopathic pulmonary fibrosis, contributing to the fibrotic
process (77). Measurement of circulating IL-6 may reflect
the inflammatory state of the lung. High pretreatment or
posttreatment levels of IL-6 correlated with the develop-
ment of radiation pneumonitis in humans (78). IL-6 is
thought of as the major cause of lymphocytic alveolitis in
the pneumonitic process of lung injury (79).

IL-1p, as is TNF-q, is another major product of activated
macrophages. RT to alveolar macrophages in vitro results in
increased production of both IL-1a and IL-18 (80). Fur-
thermore, IL-1 has been shown to stimulate IL-6 production
by human lung fibroblasts (81). In studies of radiation-
induced injury to the brain, neutralizing antibodies against
either IL-18 or TNF-a prevented expression of ICAM-1
(82). However, studies with radiation fibrosis-resistant and
fibrosis-prone mice have indicated that IL-13 may have a
protective effect (83).

IL-10 is a product of the T helper Type 2 subset of helper
lymphocytes. One of its main functions is to downregulate
inflammation. The expression of mRNA for IL-10 increases
in a radiation dose-dependent manner and may also explain
some of the immunosuppressive effects of ionizing radia-
tion (84). Interleukin-10 inhibits radiation-induced transen-
dothelial cell migration by leukocytes in mice through the
inhibition of ICAM-1 expression (85).

Endothelial cell adhesion molecules

Direct upregulation of endothelial adhesion molecules in
the alveolar endothelium seems to be an important early
event that leads to lymphocyte and white cell attachment
and transendothelial migration into the alveoli and intersti-
tium, thereby initiating inflammation (75). For instance, the
B2-integrin family (CD11/CD18) of molecules on leuko-
cytes is reactive with [CAM-1 in a manner that promotes
leukocyte adhesion to the endothelium. E- and P-selectins
of endothelial cells are reactive with sialyl Lewis*-contain-
ing molecules present on surfaces of leukocytes (28). Ra-
diation to mice lungs to 12 Gy results in a sharp increase of
lung tissue ICAM-1 mRNA, vascular cell adhesion mole-
cule (VECAM), and p-selectin (86). Thoracic RT induces
ICAM-1 and E-selectin in the pulmonary endothelium (87).

Endogenous oxidative stress—nitric oxide and
nitric oxide synthase

Radiation-induced oxidative damage to the lung is a
process that persists for several months after the initial
radiation exposure (88). The biologic effects of ionizing
radiation begin with the direct generation of reactive oxygen
species, leading to cellular damage, followed by activation
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of a cascade of genes. In contrast, exposure of endothelial
cells to ionizing radiation results in a ninefold increase in
the transcription of the inducible nitric oxide synthase
(NOS) and release of nitric oxide (89), a potent vasodilator
that contributes to the extravasation of proteins and facili-
tates inflammatory cell accumulation. Inducible NOS is
strongly expressed in pneumocytes and alveolar macro-
phages in idiopathic fibrosis, and peroxynitrite, a potent
oxidant produced by the rapid reaction of nitric oxide and
superoxide, is highly present in such lungs (90). In bleomy-
cin-induced fibrosis, inducible NOS expression is highly
increased in alveolar and bronchiolar epithelia and in in-
flammatory cells (91). Recent data have also shown that
nitric oxide induces stabilization of HIF-1a through a mech-
anism involving free radicals, so that upregulation of NOS
by radiation may subsequently trigger the HIF/'VEGF mo-
lecular cascade (92).

Matrix metalloproteinases

One category of potential biochemical markers of tissue
injury is matrix metalloproteinases (MMPs). MMPs are a
family of proteolytic enzymes involved in the degradation,
turnover, and remodeling of basement membrane and ex-
tracellular matrix proteins (93). MMP-9 (gelatinase B, Type
IV collagenase) is capable of degrading Type IV collagen,
laminin, elastase, and fibronectin in the lung interstitial
matrix. MMP activity in vivo is regulated by naturally
occurring tissue inhibitors of metalloproteinases. Tissue in-
hibitors of metalloproteinases form physiologically irrevers-
ible complexes with all types of activated MMPs. MMP-9 is
produced by macrophages, eosinophils, neutrophils, and
lung epithelial cells and is capable of digesting components
of basement membranes. However, in a recent study, mea-
surement of MMP-3 and MMP-9 did not correlate with
radiation fibrosis (94). Although the levels of certain MMPs
increase during radiation lung injury (95), the role of these
molecules remains unclear.

CD95/Fas, Fas ligand, and apoptosis

Fas/CD95 and Fas-ligand activation have been linked to
chronic lung injury, consistent with a fibrotic response in the
lungs. Immunohistochemical studies have shown that in
idiopathic lung fibrosis, Fas-ligand protein is present in
infiltrating lymphocytes and granulocytes, and expression
of Fas is upregulated in bronchiolar and alveolar epithelial
cells (96, 97). Radiation can directly induce Fas expression
in cells (98); therefore, inflammatory cells expressing Fas
ligand (macrophages and T cells) may directly promote
apoptosis of pneumocytes, initiating the early-response
phase of radiation pneumonitis. A role of activated fibro-
blasts in the induction of apoptosis of alveolar epithelial
cells has been also postulated in in vitro studies (99).

Genetic predisposition

That only a certain percentage of patients treated at a
certain dose level develop radiation pneumopathy suggests
that a genetic predisposition, defining increased lung sensi-
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tivity or altered responsiveness to radiation, exists among
individuals. Research in the field, although promising in
providing tools for the identification of patients susceptible
to radiation fibrosis, has been limited.

The presence of a proline allele at codon 10 of the TGF-f3,
gene is associated with increased production of TGF-S,
(100). TGF-B polymorphisms, however, seem not to be
related to idiopathic pulmonary fibrosis (101). In another
study, the —509T and +869C alleles were linked with a
=15 times greater incidence of radiation-induced severe
breast fibrosis (102). Similarly, Asn/Asp and Asn/Asn ge-
notypes at codon 1853 of the ATM gene have been linked
with Grade 3 fibrosis in breast cancer patients treated with
RT (103).

Loss of heterozygosity at the mannose-6-phosphate insu-
lin-like growth factor 2 receptor (M6P/IGF2R) locus has
been found to predispose patients to radiation-induced lung
injury (8). Furthermore, such patients are much more likely
to have elevated plasma TGF-f levels. Thus, loss of the
MG6P/IGF2R gene may predispose patients to the develop-
ment of radiation-induced lung injury.

Polymorphisms of the HIF and VEGF genes have also
been identified and linked with responsiveness to hypoxic
stimuli, but the role of these in radiation fibrosis has not
been studied (104, 105).

PREVENTION AND THERAPEUTIC APPROACHES

Cytoprotection

The cellular antioxidant response seems to play an im-
portant role in the development of post-RT lung fibrosis.
Superoxide dismutase (SOD) gene therapy studies in ani-
mals have shown a protective SOD effect from radiation
lung toxicity (106). Three types of SOD exist: MnSOD
(S0OD2), CuZnSOD (SOD1), and extracellular SOD (EC-
SOD), which is also referred to as SOD3 (87). EC-SOD is
the predominant extracellular antioxidant enzyme and, in
the lung, is primarily localized to Type II pneumocytes and
macrophages (107). All three forms of SOD protect against
radiation injury (106, 108, 109). Recently, it has been shown
that SOD-mimetic small molecular weight catalytic metallo-
porphyrin increases the tolerance of the lung to ionizing radi-
ation in rats (110). Administration of a liposomal Cu/Zn
SOD effectively reversed radiation-induced fibrosis (111).

Thiol compounds such as cysteine and cysteamine have
been used to target oxygen and oxygen-free radicals in an
attempt to reduce radiation-induced damage (112). The only
thiol compound of clinical relevance in RT today is ami-
fostine (Ethyol) (113). The cytoprotective mechanism of
amifostine is complicated, involving free radical scaveng-
ing, DNA protection, and repair acceleration. A reduction of
the incidence and severity of radiation pneumonitis has been
reported in clinical trials (114, 115). However, in a recent
randomized Phase III study of patients who received che-
motherapy plus hyperfractionated RT, administration of
amifostine four times weekly did not reduce the incidence
of radiation pneumonitis, implying that the dose and time

factors of amifostine administration are important for opti-
mal cytoprotection (116). Greater doses of amifostine were
able to sustain a low incidence of radiation pneumonitis
during aggressive chemoradiotherapy (117).

Amifostine administration is associated with the preven-
tion of the decline of the diffusing capacity of the lung for
carbon monoxide when given with concurrent chemoradio-
therapy (118). In a study by Vujaskovic et al. (119), Fisher-
344 rats bearing mammary adenocarcinoma received frac-
tionated RT (5 Gy in 3 days). Reduced damage of the lung
that paralleled lower plasma TGF-f3 levels in the rats treated
with amifostine was documented. Administration of ami-
fostine before RT also reduced the accumulation of macro-
phages and the expression of lung tissue TGF-B1 (120).
Using a mutagen sensitivity test based on the bleomycin-
induced chromosome breaks, Komaki ef al. (121) were able
to identify a subgroup of lung cancer patients with high
mutagen sensitivity who experienced significantly reduced
lung fibrosis when supported with amifostine.

Growth factor inhibitors

Modulation of pneumocyte proliferation may be impor-
tant in accelerating alveolar structure remodeling. Recom-
binant human KGF (rHuKGF), because of its unique action
on epithelial cells, might be an interesting therapeutic op-
tion. After rHuKGF (palifermin, Kepivance) administra-
tion, a doubling of Type II cell proliferation occurs (122).
rHuKGF administration is under clinical evaluation (45). In
rats, administration of rHuKGF can protect against late
radiation-induced lung injury by way of TGF-8 downregu-
lation and restoration of the integrity of the pulmonary
epithelium (123).

Inhibitors of TNF-«, such as infliximab (Remicade), a chi-
meric monoclonal IgG1 antibody to TNF used in Crohn’s
disease and rheumatoid arthritis, have been shown to down-
regulate both bFGF and VEGF in the serum of patients
(124). Administration of infliximab in a patient with lung
fibrosis and pulmonary hypertension associated with ad-
vanced systemic sclerosis resulted in stabilization of lung
function test results and pulmonary arterial pressures that
progressively worsened after cessation of therapy (125).

TGF- inhibition is expected to have important activity
against the fibrotic process. Smad inhibitors, such as narin-
genin, downregulate expression and phosphorylation of
Smad proteins in fibroblasts by blocking TGF-£ signaling
(126). Pentoxyfyllin also seems to exert an antifibrotic ac-
tivity through the downregulation of TGF-f3 by interference
with the Smad pathway (127). Relaxin, a potent antifibrotic
agent and TGF-f inhibitor, also seems to exploit the Smad
pathway (128). Specific inhibitors of the activin receptor-
like kinase activity of the TGF-S3, receptor, such as SB-
525334, have also been developed and shown to exert
important activity against lung fibrosis (129, 130). Pirfeni-
done is a novel drug approved for the treatment of idio-
pathic pulmonary fibrosis. It reduces fibroblast proliferation
and collagen production by suppressing the TGF-f3, TNF-q,
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and other proinflammatory cytokines, including IFN-y and
IL-6 (131, 132).

Blockage of the VEGF-related pathway by VEGF ty-
rosine kinase inhibitors may also lead to the cessation of the
autocrine or paracrine loops acting on fibroblasts and lead-
ing to the reversal of their activation status and the preven-
tion of fibrosis or even the reversal of the fibrotic process. In
a study by Ko et al. (133), administration of the ZD6474
VEGFR-2 inhibitor in mice 7 days before wounding led to
a reduction in the degree of fibrosis. Blockage of the VEGF
using a genetic approach attenuated the pulmonary fibrosis
induced by bleomycin (134). TNP-470, an antiangiogenic
compound, has been also shown to reduce VEGF expression
and to suppress the proliferation of myofibroblasts in ex-
perimental models (135).

Administration of imatinib (Glivec) or SU9518 (blocking
PDGEF receptor agents) resulted in prolongation of the sur-
vival of mice receiving 20 Gy to the lungs and reduced the
radiomorphologic signs of lung fibrosis on CT. At the
histologic level, PDGF receptor inhibitors administered af-
ter the establishment of fibrosis showed a marked reduction
of collagen accumulation and alveolar thickness (23). Ima-
tinib has also been shown to inhibit bleomycin-induced lung
fibrosis (136).

Administration of IL-10 in patients with hepatitis-related
liver fibrosis resulted in the reduction of inflammation and
fibrosis scores (137). IL-18 may also have a therapeutic
effect (138). Fluticasone propionate, a drug widely used to
reduce pulmonary inflammation in chronic obstructive pul-
monary disease, has shown important suppression of the
inflammatory cytokines IL-6 and IL-8 (139).

Other agents

Proteasome-blocking agents reduce collagen concentra-
tion and inhibit the tissue inhibitors of metalloproteinases,
thereby enhancing the activity of MMPs, and appear as a
promising approach for the treatment of fibrosis (140).

Administration of HGF reverses fibrosis induced by bleo-
mycin in experimental animals (71), but its value in human
fibrotic diseases has not been evaluated clinically. Retinoic
acid, an active metabolite of vitamin A that acts on specific
receptors on cells, prevents fibrosis by counteracting the
activity of TGF-B by stimulating HGF-promoter activity
and HGF-receptor phosphorylation (141).

Interest has recently been increased in the use of pen-
toxyfyllin and vitamin E in the prevention and treatment of
fibrotic lesions (142). A recent clinical trial provided evi-
dence that this combination has a significant protective
effect against acute and late lung toxicity (143).

Some limited evidence has shown a protective effect for
angiotensin-converting enzyme inhibitors, especially capto-
pril and an angiotensin II Type 1 receptor blocker, against
radiation-induced pulmonary injury (144). An ongoing
Radiation Therapy Oncology Group trial is focusing on
captopril (145). Finally, cyclooxygenase selective inhib-
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itors may also have a role in preventing radiation pneumo-
pathy (146).

CONCLUSIONS

In many ways, irradiated tissue responds to injury in a
manner similar to that of normal wound healing. In the case
of irradiated tissues, however, the wound does not heal
normally but instead enters a “death spiral,” containing
features of hypoxia, angiogenesis, cell death, proliferation,
and macrophage infiltration (147). Ultimately, this spiral
leads to the total replacement of the tissue by collagen,
leaving few, if any, cellular elements.

We believe that the process of acute pneumonitis and
radiation fibrosis are tightly linked with each other. Radia-
tion-induced oxidative stress and free radical generation
triggers inflammation (radiation pneumonitis) and results in
DNA damage in all lung cellular components, inducing
mRNA translation of a variety of genes involved in epithe-
lial/connective tissue and vascular regeneration. HIFs and
inducible NOS gene activation are eventually the key events
for the complex interactions among macrophages, fibro-
blasts, pneumocytes, and endothelium that follow. The in-
terplay among these cells and their products at the molec-
ular level (e.g., cytokines, growth factors, [CAM, vascular
endothelial adhesion molecule [VECAM]) leads to collagen
accumulation, changes in the quality of the extracellular
matrix, and destruction of normal lung architecture, result-
ing in a prefibrotic status, of a varying duration, that may be
clinically undetectable. Depending on the dose, fraction,
and host factors, the prefibrotic condition may regress and
never progress to fibrosis. Failure to switch off molecular
events that had led to the prefibrotic step will lead to
clinical-laboratory manifestation of fibrosis (radiation lung
fibrosis).

According to such a model, it is evident that pharma-
cologic or molecular interventions (Fig. 2) at the prefi-
brotic stage may facilitate the suspension of the molec-
ular cascade that would lead to radiation fibrosis.
Furthermore, it may be that blocking specific molecular
pathways active in clinically detectable fibrosis can re-
verse the process, allowing remodeling of the damaged
lung. The complexity of radiation lung pneumopathy at
the molecular and cellular level, however, indicates that
switching off the whole procedure would require target-
ing of more than one molecular pathway.

Figure 2 summarizes the biologic events, interactions
among cells, and therapeutic interventions awaited to
break the myth of the irreversibility of late radiation
sequelae. Many targets are available to consider, and,
presumably, not just one is the key for an effective
prevention or treatment of radiation pneumopathy. A
combination of blockers of proinflammatory and pro-
fibrotic cytokines with inhibitors of growth factors and
their receptors may be necessary for a clinically mean-
ingful effect.
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Fig. 2. Distinct roles of cells, molecules, and potential therapeutic implications for radiation pneumopathy. iNOS =
inducible nitric oxide synthase; HIF = hypoxia-inducible factor; TNF = tumor necrosis factor; VECAM = vascular
endothelial cell adhesion molecule; rHuKGF = recombinant human keratinocyte growth factor; TGF = transforming
growth factor; VEGF = vascular endothelial growth factor; PDGF = platelete-derived growth factor; rHulL 10 =
recombinant human interleukin 10; HGF = hepatocyte growth factor; ACE = angiotensin-converting enzyme; COX =

cyclooxygenase.
REFERENCES

1. Rubin P, Casseratt GW, editors. Clinical radiation pathology. 4. Yu TK, Whitman GJ, Thames HD, et al. Clinically relevant

Vol. 1, 3rd ed. Philadelphia: WB Saunders; 1968. p. 423— pneumonitis after sequential paclitaxel-based chemotherapy

470. and radiotherapy in breast cancer patients. J Natl Cancer Inst
2. Morgan GW, Breit SN. Radiation and the lung: A reevalu- 2004:96:1676-1681.

ation of the mechanisms mediating pulmonary injury. Int J 5. Tsujino K, Hirota S, Endo M, et al. Predictive value of

Radiat Oncol Biol Phys 1995;31:361-369. dose—volume histogram parameters for predicting radiation
3. Reckzeh B, Merte H, Pfluger K-H, et al. Severe lymphocy- pneumonitis after concurrent chemoradiation for lung cancer.

topenia and interstitial pneumonia in patients treated with Int J Radiat Oncol Biol Phys 2003;55:110-115.

paclitaxel and simultaneous radiotherapy for non-small cell 6. Lind PA, Marks LB, Hollis D, et al. Receiver operating

lung cancer. J Clin Oncol 1996;14:1071-1076. characteristic curves to assess predictors of radiation-induced



1290

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

1. J. Radiation Oncology @® Biology ® Physics

symptomatic lung injury. Int J Radiat Oncol Biol Phys
2002;54:340-347.

. Kasten-Pisula U, Tastan H, Dikomey E. Huge differences in

cellular radiosensitivity due to only very small variations in
double-strand break repair capacity. Int J Radiat Biol 2005;
81:409-419.

. Kong FM, Anscher MS, Sporn TA, et al. Loss of heterozy-

gosity at the mannose 6-phosphate insulin-like growth factor
2 receptor (M6P/IGF2R) locus predisposes patients to radi-
ation-induced lung injury. Int J Radiat Oncol Biol Phys
2001;49:35-41.

. McDonald S, Rubin P, Phillips TL, et al. Injury to the lung

from cancer therapy: Clinical syndromes, measurable end-
points, and potential scoring systems. Int J Radiat Oncol Biol
Phys 1995;31:1187-1203.

Mah K, Van Dyk J, Keane T, et al. Acute radiation-induced
pulmonary damage: A clinical study on the response to
fractionated radiation therapy. Int J Radiat Oncol Biol Phys
1987;13:179-188.

Seppenwoolde Y, De Jaeger K, Boersma LJ, ef al. Regional
differences in lung radiosensitivity after radiotherapy for
non—small-cell lung cancer. Int J Radiat Oncol Biol Phys
2004;60:748-758.

Libshitz HI, Shuman LS. Radiation induced pulmonary
change: CT findings. J Comput Assist Tomogr 1984;8:15-19.
Pavy JJ, Denekamp J, Letschert J, ef al., for the EORTC Late
Effects Working Group. Late effects toxicity scoring: The
SOMA scale. Radiother Oncol 1995;35:11-15.

Miller KL, Kocak Z, Kahn D, et al. Preliminary report of the
6-minute walk test as a predictor of radiation-induced pul-
monary toxicity. Int J Radiat Oncol Biol Phys 2005;62:
1009-1013.

Gross TJ, Hunninghake GW. Idiopathic pulmonary fibrosis.
N Engl J Med 2001;345:517-525.

Rubin P, Johnston CJ, Williams JP, et al. A perpetual cas-
cade of cytokines postirradiation leads to pulmonary fibrosis.
Int J Radiat Oncol Biol Phys 1995;33:99-109.

Colloy TV, Yousem SA. Lungs. In: Stenberg SS, editor.
Histology for pathologists. 1st ed. New York: Raven Press;
1992. p. 479-481.

Rubin P, Siemann DW, Shapiro DL, et al. Surfactant release
as an early measure of radiation pneumonitis. Int J Radiat
Oncol Biol Phys 1983;9:1669-1673.

Kapanci Y, Ribaux C, Chaponnier C, er al. Cytoskeletal
features of alveolar myofibroblasts and pericytes in normal
human and rat lung. J Histochem Cytochem 1992;40:1955—
1963.

Roberts CR, Walker DC, Schellenberg RR. Extracellular
matrix. Clin Allergy Immunol 2002;16:143-178.

Rosai J. Acute pulmonary injury and interstitial pneumonia.
In: Rosia J, editor. Ackerman’s surgical pathology. Vol. 1,
8th ed. New York: Mosby; 1996. p. 358-359.

Gross NJ. Experimental radiation pneumonitis: IV. Leakage
of circulatory proteins onto the alveolar surface. J Lab Clin
Med 1980;95:19-31.

Abdollahi A, Li M, Ping G, et al. Inhibition of platelet-
derived growth factor signaling attenuates pulmonary fibro-
sis. J Exp Med 2005;201:925-935.

Travis EL, Hanley RA, Fenn JO, et al. Pathologic changes in
the lung following single and multifraction radiation. Int J
Radiat Oncol Biol Phys 1977;2:475-490.

Boerma M, van der Wees CG, Vrieling H, et al. Microarray
analysis of gene expression profiles of cardiac myocytes and
fibroblasts after mechanical stress, ionising or ultraviolet
radiation. BMC Genomics 2005;6:6.

Christiansen H, Batusic D, Saile B, et al. Identification of
genes responsive to gamma radiation in rat hepatocytes and

Volume 66, Number 5, 2006

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

rat liver by cDNA array gene expression analysis. Radiat Res
2006;165:318-325.

Lu X, de la Pena L, Barker C, et al. Radiation-induced
changes in gene expression involve recruitment of existing
messenger RNAs to and away from polysomes. Cancer Res
2006;66:1052-1061.

Ward PA, Hunninghake GW. Lung inflammation and fibro-
sis. Am J Respir Crit Care Med 1998;157(Suppl.):123-129.
Mosmann TRH, Cherwinski MW Bond, et al. Two types of
murine helper T cell clone: I. Definition according to profiles
of lymphokine activities and secreted proteins. J Immunol
1986;136:2348-2359.

Piguet P-F. Cytokines involved in pulmonary fibrosis. Int
Rev Exp Pathol 1993;34:173-181.

Hashimoto S, Gon Y, Takeshita I, et al. Transforming growth
factor-beta, induces phenotypic modulation of human lung
fibroblasts to myofibroblast through a c-Jun-NH2-terminal
kinase-dependent pathway. Am J Respir Crit Care Med
2001;163:152-157.

Fine A, Goldstein RH. The effect of transforming growth
factor-beta on cell proliferation and collagen formation by
lung fibroblasts. J Biol Chem 1987;262:3897-3902.
Finkelstein JN, Johnson CJ, Baggs R, et al. Early alterations
in extracellular matrix and transforming growth factor 3 gene
expression in mouse lung indicative of late radiation fibrosis.
Int J Radiat Oncol Biol Phys 1994;28:621-631.

Rube CE, Uthe D, Schmid KW, er al. Dose-dependent in-
duction of transforming growth factor beta (TGF-beta) in the
lung tissue of fibrosis-prone mice after thoracic irradiation.
Int J Radiat Oncol Biol Phys 2000;47:1033-1042.

Anscher MS, Kong FM, Andrews K, et al. Plasma transform-
ing growth factor beta, as a predictor of radiation pneumo-
nitis. Int J Radiat Oncol Biol Phys 1998;41:1029-1035.

Fu X, Huang H, Bentel G, er al. Predicting the risk of
symptomatic radiation-induced lung injury using both the
physical and biologic parameters V(30) and transforming
growth factor beta. Int J Radiat Oncol Biol Phys 2001;50:
899-908.

Kong F-M, Washington MK, Jirtle RL, ef al. Plasma trans-
forming growth factor 1 reflects disease status in patients
with lung cancer after radiotherapy: A possible tumor
marker. Lung Cancer 1996;16:47-59.

Anscher MS, Kong FM. In regard to De Jaeger, et al
Significance of plasma transforming growth factor-beta lev-
els in radiotherapy for non-small-cell lung cancer. Int J
Radiat Oncol Biol Phys 2005;61:1276-1277.

Assoian RK, Fleurdelys BE, Stevenson HC, et al. Expression
and secretion of transforming growth factor-f3 by activated
human macrophages. Proc Natl Acad Sci USA 1987;84:
6020-6024.

Sacco O, Romberger D, Rizzino A, et al. Spontaneous pro-
duction of transforming growth factor-B2 by primary cul-
tures of bronchial epithelial cells. J Clin Invest 1992;90:
1379-1385.

Barcellos-Hoff MH. Redox mechanisms for activation of
latent transforming growth factor-beta 1. Mol Endocrinol
1996;10:1077-1083.

Edwards DR, Murphy G, Reynolds JJ, et al. Transforming
growth factor B modulates the expression of collagenase and
metalloproteinase inhibitor. EMBO J 1987;6:1899—-1904.
Nishioka A, Ogawa Y, Mima T, et al. Histopathologic ame-
lioration of fibroproliferative change in rat irradiated lung
using soluble transforming growth factor-beta (TGF-beta)
receptor mediated by adenoviral vector. Int J Radiat Oncol
Biol Phys 2004;58:1235-1241.

Haimovitz-Friedman A, Balaban N, McLoughlin M, et al.
Protein kinase C mediates basic fibroblast growth factor



45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Radiation pneumonitis and fibrosis ® P. G. TsouTsou AND M. I. KOUKOURAKIS

protection of endothelial cells against radiation-induced
apoptosis. Cancer Res 1994;54:2591-2597.

Danilenko DM. Preclinical and early clinical development of
keratinocyte growth factor, an epithelial-specific tissue growth
factor. Toxicol Pathol 1999;27:64-71.

Zhang F, Nielsen LD, Lucas JJ, et al. Transforming growth
factor-beta antagonizes alveolar type II cell proliferation
induced by keratinocyte growth factor. Am J Respir Cell Mol
Biol 2004;31:679—-686.

Tagashira S, Harada H, Katsumata T, ef al. Cloning of mouse
FGF10 and up-regulation of its gene expression during
wound healing. Gene 1997;197:399-404.

Lebeche D, Malpel S, Cardoso WV. Fibroblast growth factor
interactions in the developing lung. Mech Dev 1999;86:125—
136.

Chelly N, Henrion A, Pinteur C, et al. Role of keratinocyte
growth factor in the control of surfactant synthesis by fetal
lung mesenchyme. Endocrinology 2001;142:1814-1819.
Adamson IYR, Bakowska J. Relationship of keratinocyte
growth factor and hepatocyte growth factor levels in rat lung
lavage fluid to epithelial cell regeneration after bleomycin.
Am J Pathol 1999;155:949-954.

Brauchle M, Angermeyer K, Hubner G, et al. Large induc-
tion of keratinocyte growth factor expression by serum
growth factors and pro-inflammatory cytokines in cultured
fibroblasts. Oncogene 1994;9:3199-3204.

Brauchle M, Fassler R, Werner S. Suppression of keratino-
cyte growth factor expression by glucocorticoids in vitro and
during wound healing. J Invest Dermatol 1995;105:579—
584.

Finlay GA, Thannickal VJ, Fanburg BL, et al. Transforming
growth factor-beta 1-induced activation of the ERK pathway/
activator protein-1 in human lung fibroblasts requires the
autocrine induction of basic fibroblast growth factor. J Biol
Chem 2000;275:27650-27656.

Girinsky T. Effects of ionizing radiation on the blood vessel
wall. J Mal Vasc 2000;25:321-324.

Haimovitz-Friedman A, Vlodavsky I, Chaudhuri A, et al.
Autocrine effects of fibroblast growth factor in repair of
radiation damage in endothelial cells. Cancer Res 1991;51:
2552-2558.

Gridley DS, Bonnet RB, Bush DA, ef al. Time course of
serum cytokines in patients receiving proton or combined
photon/proton beam radiation for resectable but medically
inoperable non-small-cell lung cancer. Int J Radiat Oncol
Biol Phys 2004;60:759-766.

Sato Y, Rifkin DB. Autocrine activities of basic fibroblast
growth factor: Regulation of endothelial cell movement,
plasminogen activator synthesis, and DNA synthesis. J Cell
Biol 1988;107:1199-1205.

Piguet P-F. Is “tumor necrosis factor” the major effector of
pulmonary fibrosis? Eur Cytokine Netw 1990;1:257-258.
Hong JH, Jung SM, Tsao TC, et al. Bronchoalveolar lavage
and interstitial cells have different roles in radiation-induced
lung injury. Int J Radiat Biol 2003;79:159-167.

Piguet PF, Collart MA, Grau GE, et al. Tumor necrosis
factor/cachectin plays a key role in bleomycin-induced pneu-
mopathy and fibrosis. J Exp Med 1989;170:655-663.
Vujaskovic Z, Anscher MS, Feng QF, er al. Radiation-
induced hypoxia may perpetuate late normal tissue injury. Int
J Radiat Oncol Biol Phys 2001;50:851-855.

Semenza G. Signal transduction to hypoxia-inducible factor 1.
Biochem Pharmacol 2002;64:993-998.

Semenza GL. Involvement of hypoxia-inducible factor 1 in
pulmonary pathophysiology. Chest 2005;128(Suppl.):5925-
5948.

Kobayashi T, Liu X, Wen FQ, et al. Smad3 mediates TGF-

65.

66.

67.

68.

69.

70.

1.

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

1291

beta, induction of VEGF production in lung fibroblasts.
Biochem Biophys Res Commun 2005;327:393-398.

Yoshiji H, Kuriyama S, Yoshii J, ef al. Vascular endothelial
growth factor and receptor interaction is a prerequisite for
murine hepatic fibrogenesis. Gut 2003;52:1347-1354.
Chintalgattu V, Nair DM, Katwa LC. Cardiac myofibro-
blasts: a novel source of vascular endothelial growth factor
(VEGF) and its receptors Flt-1 and KDR. J Mol Cell Cardiol
2003;35:277-286.

Beddy D, Watson RW, Fitzpatrick JM, et al. Increased
vascular endothelial growth factor production in fibroblasts
isolated from strictures in patients with Crohn’s disease. Br J
Surg 2004;91:72-77.

Naldini L, Vigna E, Narsimhan RP, ef al. Hepatocyte growth
factor (HGF) stimulates the tyrosine kinase activity of the
receptor encoded by the proto-oncogene c-MET. Oncogene
1991;6:501-504.

Itakura A, Kurauchi O, Morikawa S, et al. Involvement of
hepatocyte growth factor in formation of bronchoalveolar
structures in embryonic rat lung in primary culture. Biochem
Biophys Res Commun 1997;241:98-103.

Morimoto K, Amano H, Sonoda F, et al. Alveolar macro-
phages that phagocytose apoptotic neutrophils produce he-
patocyte growth factor during bacterial pneumonia in mice.
Am J Respir Cell Mol Biol 2001;24:608-615.

Yaekashiwa M, Nakayama S, Ohnuma K, er al. Simulta-
neous or delayed administration of hepatocyte growth factor
equally represses the fibrotic changes in murine lung injury
induced by bleomycin: A morphologic study. Am J Respir
Crit Care Med 1997;156:1937-1944.

Harrison P, Bradley L, Bomford A. Mechanism of regulation
of HGF/SF gene expression in fibroblasts by TGFS1. Bio-
chem Biophys Res Commun 2000;271:203-211.
Marchand-Adam S, Marchal J, Cohen M, et al. Defect of
hepatocyte growth factor secretion by fibroblasts in idio-
pathic pulmonary fibrosis. Am J Respir Crit Care Med 2003;
168:1156-1161.

Yu J, Moon A, Kim HR. Both platelet-derived growth factor
receptor (PDGFR)-alpha and PDGFR-beta promote murine
fibroblast cell migration. Biochem Biophys Res Commun
2001;282:697-700.

Imhof BA, Dunon D. Leukocyte migration and adhesion.
Adv Immunol 1995;58:345-416.

Kotloff RM, Little J, Elias JA. Human alveolar macrophage
and blood monocyte interleukin-6 production. Am J Respir
Cell Mol Biol 1990;3:497-505.

Moodley YP, Misso NL, Scaffidi AK, et al. Inverse effects of
interleukin-6 on apoptosis of fibroblasts from pulmonary
fibrosis and normal lungs. Am J Respir Cell Mol Biol 2003;
29:490-498.

Chen Y, Rubin P, Williams J, ef al. Circulating IL-6 as a
predictor of radiation pneumonitis. Int J Radiat Oncol Biol
Phys 2001;49:641-648.

Yoshida M, Sakuma J, Hayashi S, et al. A histologically
distinctive interstitial pneumonia induced by over expression
of the interleukin 6, transforming growth factor beta 1, or
platelet-derived growth factor B gene. Proc Natl Acad Sci
USA 1995;92:9570-9574.

O’Brien-Ladner A, Nelson ME, Kimler BF, et al. Release of
interleukin-1 by human alveolar macrophages after in vitro
irradiation. Radiat Res 1993;136:37-41.

Elias JA, Lentz V. IL-1 and tumor necrosis factor synergis-
tically stimulate fibroblasts IL-6 production and stabilize
IL-6 messenger RNA. J Immunol 1990;145:161-166.
Kyrkanides S, Olschowka JA, Williams JP, et al. TNF alpha
and IL-1beta mediate intercellular adhesion molecule-1 in-
duction via microglia-astrocyte interaction in CNS radiation
injury. J Neuroimmunol 1999;95:95-106.



1292

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

1. J. Radiation Oncology @® Biology ® Physics

Johnston CJ, Piedboeuf B, Rubin P, ef al. Early and persis-
tent alterations in the expression of interleukin-1 alpha, in-
terleukin-1 beta and tumor necrosis factor alpha mRNA
levels in fibrosis-resistant and sensitive mice after thoracic
irradiation. Radiat Res 1996;145:762-767.

Broski AP, Halloran PF. Tissue distribution of IL-10 mRNA
in normal mice. Evidence that a component of IL-10 expres-
sion is T and B cell-independent and increased by irradiation.
Transplantation 1994;57:582-592.

Lindner H, Holler E, Gerbitz A, et al. Influence of bacterial
endotoxin on radiation-induced activation of human endo-
thelial cells in vitro and in vivo: Interleukin-10 protects
against transendothelial migration. Transplantation 1997;64:
11370-11373.

Tsujino K, Kodama A, Kanaoka N, et al. Expression of pulmo-
nary mRNA encoding ICAM-1, VCAM-1, and P-selectin fol-
lowing thoracic irradiation in mice. Radiat Med 1999;17:
283-287.

Hallahan DE, Virudachalam S. Ionizing radiation mediates
expression of cell adhesion molecules in distinct histological
patterns within the lung. Cancer Res 1997;57:2096-2099.
Kang SK, Rabbani ZN, Folz RJ. Overexpression of extracel-
lular superoxide dismutase protects mice from radiation-
induced lung injury. Int J Radiat Oncol Biol Phys 2003;57:
1056-1066.

Worthington J, Robson T, Murray M, et al. Modification of
vascular tone using iNOS under the control of a radiation-
inducible promoter. Gene Ther 2000;7:1126-1131.

Saleh D, Barnes PJ, Giaid A. Increased production of the
potent oxidant peroxynitrite in the lungs of patients with
idiopathic pulmonary fibrosis. Am J Respir Crit Care Med
1997;155:1763-1769.

Inghilleri S, Morbini P, Oggionni T, et al. In situ assessment
of oxidant and nitrogenic stress in bleomycin pulmonary
fibrosis. Histochem Cell Biol 2006;125:661-669.

Quintero M, Brennan PA, Thomas GJ, et al. Nitric oxide is a
factor in the stabilization of hypoxia-inducible factor-1alpha in
cancer: Role of free radical formation. Cancer Res 2006;66:
770-774.

Zucker S, Hymowitz M, Conner C, et al. Measurement of
matrix metalloproteinases and tissue inhibitors of metallo-
proteinases in blood and tissues. NY Acad Sci 1999;878:212—
227.

Susskind H, Hymowitz MH, Lau YH, et al. Increased plasma
levels of matrix metalloproteinase-9 and tissue inhibitor of
metalloproteinase-1 in lung and breast cancer are altered
during chest radiotherapy. Int J Radiat Oncol Biol Phys
2003;56:1161-1169.

Araya J, Maruyama M, Sassa K, e al. lonizing radiation
enhances matrix metalloproteinase-2 production in human
lung epithelial cells. Am J Physiol Lung Cell Mol Physiol
2001;280:30-38.

Hagimoto N, Kuwano K, Nomoto Y, et al. Apoptosis and
expression of Fas/Fas ligand mRNA in bleomycin-induced
pulmonary fibrosis in mice. Am J Respir Cell Mol Biol
1997;16:91-101.

Kazuyoshi K, Hiroyuki M, Naoki H, et al. The involvement
of Fas-Fas ligand pathway in fibrosing lung diseases. Am J
Respir Cell Mol Biol 1999;20:53—60.

Sheard MA, Uldrijan S, Vojtesek B. Role of p53 in regulat-
ing constitutive and X-radiation-inducible CD95 expression
and function in carcinoma cells. Cancer Res 2003;63:7176—
7184.

Martin TR, Hagimoto N, Nakamura M, et al. Apoptosis and
epithelial injury in the lungs. Proc Am Thorac Soc 2005;2:
214-220.

Wu L, Chau J, Young RP, ef al. Transforming growth factor-

Volume 66, Number 5, 2006

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

beta, genotype and susceptibility to chronic obstructive
pulmonary disease. Thorax 2004;59:126-129.

Riha RL, Yang IA, Rabnott GC, et al. Cytokine gene poly-
morphisms in idiopathic pulmonary fibrosis. Intern Med J
2004;34:126-129.

Quarmby S, Fakhoury H, Levine E, er al. Association of
transforming growth factor beta-1 single nucleotide polymor-
phisms with radiation-induced damage to normal tissues in
breast cancer patients. Int J Radiat Biol 2003;79:137-143.
Andreassen CN, Overgaard J, Alsner J, et al. ATM sequence
variants and risk of radiation-induced subcutaneous fibrosis
after postmastectomy radiotherapy. Int J Radiat Oncol Biol
Phys 2006,64:776-783.

Percy MJ, Mooney SM, McMullin MF, et al. A common
polymorphism in the oxygen-dependent degradation (ODD)
domain of hypoxia inducible factor-lalpha (HIF-1alpha)
does not impair Pro-564 hydroxylation. Mol Cancer 2003;
2:31.

Koukourakis MI, Papazoglou D, Giatromanolaki A, et al.
VEGF gene sequence variation defines VEGF gene expres-
sion status and angiogenic activity in non-small cell lung
cancer. Lung Cancer 2004;46:293-298.

Epperly M, Bray J, Kraeger S, et al. Prevention of late effects
of irradiation lung damage by manganese superoxide dis-
mutase gene therapy. Gene Ther 1998;5:196-208.

Folz RJ, Guan J, Seldin MF, er al. Mouse extracellular
superoxide dismutase: Primary structure, tissue-specific gene
expression, chromosomal localization, and lung in situ hy-
bridization. Am J Respir Cell Mol Biol 1997;17:393-403.
Kang SK, Rabbani ZN, Folz RJ, et al. Overexpression of
extracellular superoxide dismutase protects mice from radi-
ation-induced lung injury. Int J Radiat Biol Oncol Phys
2003;47:1056-1066.

Rabbani ZN, Anscher MS, Folz RJ, et al. Overexpression of
extracellular superoxide dismutase reduces acute radiation
induced lung toxicity. BMC Cancer 2005;5:59.

Vujaskovic Z, Batinic-Haberle I, Rabbani ZN, et al. A small
molecular weight catalytic metalloporphyrin antioxidant with
superoxide dismutase (SOD) mimetic properties protects lungs
from radiation-induced injury. Free Radic Biol Med 2002;
33:857-863.

Delanian S, Baillet F, Huart J, et al. Successful treatment of
radiation-induced fibrosis using liposomal Cu/Zn superoxide
dismutase (clinical trial). Radiother Oncol 1994;32:12-20.
Patt HN, Tyree R, Straube RL, et al. Cysteine protection
against irradiation. Science 1949;110:213.

Koukourakis MI. Amifostine in clinical oncology: Current
use and future applications. Anticancer Drugs 2002;13:181—
209.

Komaki R, Lee JS, Milas L, et al. Effects of amifostine on
acute toxicity from concurrent chemotherapy and radiother-
apy for inoperable non—small-cell lung cancer: Report of a
randomized comparative trial. Int J Radiat Oncol Biol Phys
2004;58:1369-1377.

Antonadou D, Petridis A, Synodinou M, ef al. Amifostine
reduces radiochemotherapy-induced toxicities in patients
with locally advanced non-small cell lung cancer. Semin
Oncol 2003;30(Suppl.):2-9.

Movsas B, Scott C, Langer C, et al. Randomized trial of
amifostine in locally advanced non—small-cell lung cancer
patients receiving chemotherapy and hyperfractionated radi-
ation: Radiation Therapy Oncology Group trial 98-01. J Clin
Oncol 2005;23:2145-2154.

Koukourakis MI, Romanidis K, Froudarakis M, et al. Con-
current administration of docetaxel and stealth liposomal
doxorubicin with radiotherapy in non-small cell lung cancer:
Excellent tolerance using subcutaneous amifostine for cyto-
protection. Br J Cancer 2002;87:385-392.



118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

Radiation pneumonitis and fibrosis ® P. G. TsouTsou AND M. I. KOUKOURAKIS

Gopal R, Tucker SL, Komaki R, et al. The relationship
between local dose and loss of function for irradiated lung.
Int J Radiat Oncol Biol Phys 2003;56:106—113.
Vujaskovic Z, Feng QF, Rabbani ZN, er al. Assessment of
the protective effect of amifostine on radiation-induced pul-
monary toxicity. Exp Lung Res 2002;28:577-590.
Vujaskovic Z, Feng QF, Rabbani ZN, et al. Radioprotection
of lungs by amifostine is associated with reduction in profi-
brogenic cytokine activity. Radiat Res 2002;157:656—660.
Komaki R, Chang JY, Wu X, et al. Mutagen sensitivity may
predict lung protection by amifostine for patients with locally
advanced non-small cell lung cancer treated by chemoradio-
therapy. Semin Oncol 2005;32(Suppl.):S92-8.

Terry NH, Brinkley J, Doig Al, et al. Cellular kinetics of
murine lung: model system to determine basis for radiopro-
tection with keratinocyte growth factor. Int J Radiat Oncol
Biol Phys 2004;58:435—-444.

Chen L, Brizel DM, Rabbani ZN, et al. The protective effect
of recombinant human keratinocyte growth factor on radia-
tion-induced pulmonary toxicity in rats. Int J Radiat Oncol
Biol Phys 2004;60:1520-1529.

Di Sabatino A, Ciccocioppo R, Benazzato L, et al. Infliximab
downregulates basic fibroblast growth factor and vascular
endothelial growth factor in Crohn’s disease patients. Ali-
ment Pharmacol Ther 2004;19:1019-1024.

Bargagli E, Galeazzi M, Bellisai F, er al. Infliximab treat-
ment in a patient with systemic sclerosis associated with lung
fibrosis and pulmonary hypertension. Respiration 2005; De-
cember 9, 2005 [Epub].

Liu X, Wang W, Hu H, et al. Smad3 specific inhibitor,
naringenin, decreases the expression of extracellular matrix
induced by TGF-beta, in cultured rat hepatic stellate cells.
Pharm Res 2006;23:82—89.

Lin SL, Chen RH, Chen YM, et al. Pentoxifylline attenuates
tubulointerstitial fibrosis by blocking Smad3/4-activated tran-
scription and profibrogenic effects of connective tissue growth
factor. J Am Soc Nephrol 2005;16:2702-2713.

Heeg MH, Koziolek MJ, Vasko R, et al. The antifibrotic
effects of relaxin in human renal fibroblasts are mediated in
part by inhibition of the Smad2 pathway. Kidney Int 2005;
68:96-1009.

Grygielko ET, Martin WM, Tweed C, et al. Inhibition of
gene markers of fibrosis with a novel inhibitor of trans-
forming growth factor-beta type I receptor kinase in puro-
mycin-induced nephritis. J Pharmacol Exp Ther 2005;313:
943-951.

Bonniaud P, Margetts PJ, Kolb M, et al. Progressive trans-
forming growth factor B1-induced lung fibrosis is blocked by
an orally active ALKS kinase inhibitor. Am J Respir Crit
Care Med 2005;171:889—-898.

Nakazato H, Oku H, Yamane S, et al. A novel anti-fibrotic
agent pirfenidone suppresses tumor necrosis factor-alpha at
the translational level. Eur J Pharmacol 2002;446:177-185.
Card JW, Racz WIJ, Brien JF, et al. Differential effects of
pirfenidone on acute pulmonary injury and ensuing fibrosis

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

1293

in the hamster model of amiodarone-induced pulmonary
toxicity. Toxicol Sci 2003;75:169-180.

Ko J, Ross J, Awad H, et al. The effects of ZD6474, an
inhibitor of VEGF signaling, on cutaneous wound healing in
mice. J Surg Res 2005;129:251-259.

Hamada N, Kuwano K, Yamada M. Anti-vascular endothe-
lial growth factor gene therapy attenuates lung injury and
fibrosis in mice. J Immunol 2005;175:1224-1231.

Yoshio Y, Miyazaki M, Abe K, et al. TNP-470, an angio-
genesis inhibitor, suppresses the progression of peritoneal
fibrosis in mouse experimental model. Kidney Int 2004;66:
1677-1685.

Daniels CE, Wilkes MC, Edens M, et al. Imatinib mesylate
inhibits the profibrogenic activity of TGF-beta and prevents
bleomycin-mediated lung fibrosis. J Clin Invest 2004;114:
1308-1316.

Nelson DR, Tu Z, Soldevila-Pico C. Long-term interleukin
10 therapy in chronic hepatitis C patients has a proviral and
anti-inflammatory effect. Hepatology 2003;38:859—868.
Nakatani-Okuda A, Ueda H, Kashiwamura S, et al. Protec-
tion against bleomycin-induced lung injury by IL-18 in mice.
Am J Physiol Lung Cell Mol Physiol 2005;289:1.280-1.287.
Escotte S, Tabary O, Dusser D, et al. Fluticasone reduces
IL-6 and IL-8 production of cystic fibrosis bronchial epithe-
lial cells via IKK-beta kinase pathway. Eur Respir J 2003;
21:574-581.

Fineschi S, Reith W, Guerne PA, et al. Proteasome blockade
exerts an antifibrotic activity by coordinately down-regulat-
ing type I collagen and tissue inhibitor of metalloproteinase-1
and up-regulating metalloproteinase-1 production in human
dermal fibroblasts. FASEB J 2006;20:562-564.

Wen X, Li Y, Hu K, et al. Hepatocyte growth factor receptor
signaling mediates the anti-fibrotic action of 9-cis-retinoic
acid in glomerular mesangial cells. Am J Pathol 2005;167:
947-957.

Delanian S, Porcher R, Balla-Mekias S, et al. Randomized,
placebo-controlled trial of combined pentoxifylline and to-
copherol for regression of superficial radiation-induced fi-
brosis. J Clin Oncol 2003;21:2545-2550.

Ozturk B, Egehan I, Atavci S, et al. Pentoxifylline in pre-
vention of radiation-induced lung toxicity in patients with
breast and lung cancer: A double-blind randomized trial. Int
J Radiat Oncol Biol Phys 2004;58:213-219.

Molteni A, Moulder JE, Cohen EF, et al. Control of radia-
tion-induced pneumopathy and lung fibrosis by angiotensin-
converting enzyme inhibitors and an angiotensin II type 1
receptor blocker. Int J Radiat Biol 2000;76:523-532.
Information about ongoing Radiation Therapy Oncology
Group trial. Available at: http://www.rtog.org/meeting/June_
06_RTOG_Meeting_Book.pdf. Accessed August 18, 2006.
Gore E. Celecoxib and radiation therapy in non—small-cell
lung cancer. Oncology 2004;18(Suppl.):10-14.

Anscher MS, Chen L, Rabbani Z, er al. Recent progress in
defining mechanisms and potential targets for prevention of
normal tissue injury after radiation therapy. Int J Radiat
Oncol Biol Phys 2005;62:255-259.


http://www.rtog.org/meeting/June_06_RTOG_Meeting_Book.pdf
http://www.rtog.org/meeting/June_06_RTOG_Meeting_Book.pdf

	RADIATION PNEUMONITIS AND FIBROSIS: MECHANISMS UNDERLYING ITS PATHOGENESIS AND IMPLICATIONS FOR FUTURE RESEARCH
	INTRODUCTION
	TERMINOLOGY
	INCIDENCE, CLINICAL CHARACTERISTICS, MEASUREMENT
	PATHOGENETIC MECHANISMS
	Interplaying cells
	Histopathologic features of radiation pneumopathy
	Radiation interference with gene expression
	Triggering inflammation
	Cytokine and growth factor release

	MOLECULAR CONTRIBUTORS IN RADIATION PNEUMOPATHY
	Transforming growth factor- 
	Fibroblast growth factor family
	Tumor necrosis factor- 
	Hypoxia and vascular endothelial growth factor pathway
	Hepatocyte growth factor
	Platelet-derived growth factor

	INTERLEUKINS
	Endothelial cell adhesion molecules
	Endogenous oxidative stress—nitric oxide and nitric oxide synthase
	Matrix metalloproteinases
	CD95/Fas, Fas ligand, and apoptosis
	Genetic predisposition

	PREVENTION AND THERAPEUTIC APPROACHES
	Cytoprotection
	Growth factor inhibitors
	Other agents

	CONCLUSIONS
	REFERENCES


