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ABSTRACT

RADIATION-INDUCED PNEUMONITIS: CLINICAL AND EXPERIMENTAL 
STUDIES WITH SPECIAL EMPHASIS ON THE EFFECT OF SMOKING.
Kenneth Nilsson, M.D., Department of Pulmonary Medicine and Oncology,
University Hospital Umeå, S-901 85 Umeå, Sweden

Bronchoalveolar lavage (BAL) is an established method providing diagnostic support 
and evaluation of disease activity in interstitial lung disease (ILD). The aims of the pre
sent investigation were 1) to study the inflammatory response in pneumonitis evoked by 
irradiation. 2) to evaluate how well lung tissue inflammation is reflected in BAL 
findings. 3) to study the effect of smoking on radiation-induced pneumonitis.

BAL was performed in 21 patients (11 smokers, 10 non-smokers) who were treated for 
breast cancer, stage 1 (T jMaNq) by post-surgery irradiation to an accumulated target 
dose of 56 Gy. It was founa that irradiation induced an alveolitis in the non-smoking 
patient group while the smoking patients did not differ from their smoking controls. The 
alveolitis in non-smokers was characterized by an increase in lymphocytes, mast cells 
and elevated concentrations of hyaluronan (HA), and fibronectin (FN). Three of the 
non-smoking patients had chest X-ray infiltrates indicating the presence of pneumonitis.

An animal experimental model for radiation-induced pneumonitis and fibrosis was 
established in rats, allowing comparative analysis of BAL fluid and morphology. In the 
rat model a divergence was noted between the differential cell counts in BAL and cells 
observed in the interstitial tissue, which was most notable for neutrophils (PMN) and 
mast cells whereas there was a good correlation between HA content in BAL and HA 
deposition in the lung tissue. A marked infiltration of intraseptally-located mast cells 
occurred during the pneumonitis-phase, and this increase was paralleled by a deposition 
of HA in the interstitial tissue. Histochemical fixation and staining properties of the 
mast cells revealed that the majority of these cells were of connective tissue mast cell 
type (CTMC). Compound 48/80, a mast cell secretagogue, significantly altered the HA 
content both in BAL and in lung tissue in the irradiated animals. Regular treatment 
throughout the whole experimental period induced depletion of mast cell granules and a 
decrease in HA deposition whereas 48/80 treatment during the pneumonitis phase en
hanced HA deposition.

A rat model with smoke exposure was developed, and the effect of cigarette smoke on 
radiation-induced inflammation was studied. Rats that smoked 3 weeks prior to irradia
tion and continued to smoke throughout the observation period (7 weeks) had a signifi
cantly reduced inflammatory response compared to irradiated non-smoking rats. The 
most prominent BAL findings in the smoke-exposed rats were a decrease in PMN, mast 
cells and a decrease in HA.

In conclusion, irradiation induces an alveolitis characterized mainly by mononuclear 
cells. Mast cells seem to be of importance in the remodelling of the connective tissue in 
the radiation-induced inflammatory response. Hyaluronan is an important component in 
the early connective tissue response preceding later collagen deposition, and its inter
stitial deposition is very well reflected in BAL. Moreover, tobacco-smoke suppresses the 
radiation-induced inflammation with a decreased recruitment of effector cells including 
mast cells.

Key words: Pneumonitis, irradiation, bronchoalveolar lavage, breast cancer, interstitial 
lung disease, hyaluronan, mast cell, smoking.
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STUDIES WITH SPECIAL EMPHASIS ON THE EFFECT OF SMOKING.
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Bronchoalveolar lavage (BAL) is an established method providing diagnostic support 
and evaluation of disease activity in interstitial lung disease (ILD). The aims of the pre
sent investigation were 1) to study the inflammatory response in pneumonitis evoked by 
irradiation. 2) to evaluate how well lung tissue inflammation is reflected in BAL 
findings. 3) to study the effect of smoking on radiation-induced pneumonitis.

BAL was performed in 21 patients (11 smokers, 10 non-smokers) who were treated for 
breast cancer, stage 1 (T^MaN q) by post-surgery irradiation to an accumulated target 
dose of 56 Gy. It was founa that irradiation induced an alveolitis in the non-smoking 
patient group while the smoking patients did not differ from their smoking controls. The 
alveolitis in non-smokers was characterized by an increase in lymphocytes, mast cells 
and elevated concentrations of hyaluronan (HA), and fibronectin (FN). Three of the 
non-smoking patients had chest X-ray infiltrates indicating the presence of pneumonitis.

An animal experimental model for radiation-induced pneumonitis and fibrosis was 
established in rats, allowing comparative analysis of BAL fluid and morphology. In the 
rat model a divergence was noted between the differential cell counts in BAL and cells 
observed in the interstitial tissue, which was most notable for neutrophils (PMN) and 
mast cells whereas there was a good correlation between HA content in BAL and HA 
deposition in the lung tissue. A marked infiltration of intraseptally-located mast cells 
occurred during the pneumonitis-phase, and this increase was paralleled by a deposition 
of HA in the interstitial tissue. Histochemical fixation and staining properties of the 
mast cells revealed that the majority of these cells were of connective tissue mast cell 
type (CTMC). Compound 48/80, a mast cell secretagogue, significantly altered the HA 
content both in BAL and in lung tissue in the irradiated animals. Regular treatment 
throughout the whole experimental period induced depletion of mast cell granules and a 
decrease in HA deposition whereas 48/80 treatment during the pneumonitis phase en
hanced HA deposition.

A rat model with smoke exposure was developed, and the effect of cigarette smoke on 
radiation-induced inflammation was studied. Rats that smoked 3 weeks prior to irradia
tion and continued to smoke throughout the observation period (7 weeks) had a signifi
cantly reduced inflammatory response compared to irradiated non-smoking rats. The 
most prominent BAL findings in the smoke-exposed rats were a decrease in PMN, mast 
cells and a decrease in H A

In conclusion, irradiation induces an alveolitis characterized mainly by mononuclear 
cells. Mast cells seem to be of importance in the remodelling of the connective tissue in 
the radiation-induced inflammatory response. Hyaluronan is an important component in 
the early connective tissue response preceding later collagen deposition, and its inter
stitial deposition is very well reflected in BAL. Moreover, tobacco-smoke suppresses the 
radiation-induced inflammation with a decreased recruitment of effector cells including 
mast cells.
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ABBREVIATIONS

AMDGF = Alveolar macrophage derived growth factor
BAL = Bronchoalveolar lavage
CTMC = Connective tissue mast cell
FN = Fibronectin
HA = Hyaluronan, hyaluronic acid
DLD = Interstitial lung disease
IPF = Idiophatic pulmonary fibrosis
MMC = Mucosal mast cell
pmp = Procollagen-in-peptide
PAM = Pulmonary alveolar macrophage
PDGF = Platelet derived growth factor
PMN = Polymorphonuclear granulocyte

% = T helper/inducer cell

TS = T suppressor/cytotoxic cell
TS = Tobacco-smoke
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INTRODUCTION

Interstitial lung diseases (ILD), a group of heterogeneous, often fatal disorders, are 
characterized by an inflammatory process involving the alveolar epithelium, the alveolar 
space, pulmonary microvasculature and less commonly respiratory bronchioles, larger 
airways and the pleura (1). The disorders may go on to heal completely or lead to depo
sition of connective tissue resulting in distortion of lung architecture. More than 130 de
fined ILD have been described. The etiology can be identified in approximately one 
third of all patients. Independently of whether the etiology is known or unknown, severe 
cases seem to follow the same general scheme through stages of alveolitis, dearrange
ment of alveolar structures and finally an "end-stage" fibrosis (1). A summary of the 
most common ILD are presented in Table I.

Table I. Disorders related to interstitial lung disease (ILD)

Inorganic dust
Silicosis
Asbestosis
Hard metal disease, e.g. cobolt

Organic dust
Farmer’s lung
Wood-dust worker’s disease

Unknown etiology
Sarcoidosis
Idiophatic pulmonary fibrosis
Chronic eosinophilic pneumonia
Collagen vascular disease 

Rheumatoid arthritis 
Lupus erythmatosis 
Scleroderma 
Sjögrens syndrome

Granulomatous vasculitis 
Periarteritis nodosa 
Wegener’s granulomatosis

Drugs
Bleomycin
Busulfan
Gold salts
Methotrexate
Nitrofurantoin
Oxygen

Irradiation

Infectious disease
Tuberculosis
Aspergillosis
Candidiasis

Miscellaneous
Cardiac congestion 
Aspiration 
Neoplastic diseases

Approaches to the diagnosis and pathogenesis of ILD have changed dramatically in re
cent years. However, little is known about the nature of the resulting damage, the key 
effector cells and mediators involved in ILD. The development of the technique of 
bronchalveolar lavage (BAL) has permitted safe, non-invasive and repeatable sampling 
of the inflammatory cell population of the lower respiratory tracts of patients with lung
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diseases (2). Most previous BAL studies on ILD have been based on the use of cellular 
analysis. Differential cell counting often combined with cell sub-typing using monoclonal 
antibody technique, can often contribute to the diagnosis, but is seldom conclusive. 
However, the potential use of BAL in evaluation of disease activity and predicting the 
course of the disease has proved to be even more important than its use in diagnosis. 
Patients with sarcoidosis and elevated numbers of CD4-positive lymphocytes, are more 
prone to develop a progressive course of the disease (3). Other important prognostic 
factors are increased numbers of neutrophils (PMN) (4), and mast cells (5). Moreover, 
in sarcoidosis and extrinsic allergic alveolitis, the increase of mast cells is closely related 
to signs of fibrosing activity measured as an increase in soluble connective tissue com
ponents such as fibronectin (FN), hyaluronan (HA) and procollagen HI peptide (PDIP) 
(6,7,8,9).

When BAL is performed using a volume of more than 100 ml fluid, the procedure is 
considered to mainly sample material from the peripheral airways, i.e. alveoli (10). Since 
the BAL fluid only comes in contact with the airside surface, it may not sufficiently re
flect the inflammatory events occurring in the lung interstitium. In view of this, it is 
plausible to assume that soluble substances diffuse more readily from lung interstitium 
into the airways rather than cells. This is supported by an earlier clinical observation 
that measurements of the concentrations of soluble substances such as HA and P111P in 
BAL fluid reflect disease activity and predict the course of the disease better than cell 
analysis (11).

These observations motivated the development of an animal model for further studies 
allowing concomitant analysis of BAL fluid and morphology. Irradiation is an esta
blished method to induce reproducible experimental pneumonitis and fibrosis. More
over, radiotherapy of patients suffering from breast cancer offers an unique possibility, 
compared to other categories of ILD, to perform controlled, systematic BAL studies, 
regarding pneumonitis in otherwise healthy lungs.
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BACKGROUND

The mechanism of pulmonary damage in ILD involves complex interactions between 
epithelial-, endothelial-, mesenchymal-, inflammatory- cells and matrix elements. In this 
background section, the appropriate cellular and matrix components of the lung are 
considered separately and some of the interrelationships between the different factors 
are discussed.

CELLS AND MATRIX COMPONENTS 

Tÿpe-I and type-II epithelial cells and endothelial cell

The normal lung contains about 300 million alveoli, which are grape-like structures that 
branch off terminal bronchioles. Typical alveoli have an internal diameter of 200 to 300 
pm  and the walls are 5 to 10 pm  thick. The walls are lined with a single layer of epi
thelial cells resting on a basement membrane (12). One third of the epithelial cells are 
type-I cells that cover more than 90% of the epithelial surface and are specifically 
designed for gaseous transfer and do not enter mitosis either in growth or regeneration 
after injury (13). The remainder are type-II cells, which are believed to be the principal 
source of pulmonary surfactant that prevents alveolar collapse, and they behave as re
verting postmitotic cells (14).

The pulmonary capillaries form a branching network of tubes that weave through the 
interior of the alveolar walls. The capillaries have a single layer of endothelial cells, 
which are the most numerous of pulmonary cells accounting for almost 40% of the total 
population covering an immense surface area. They represent a constantly renewing 
cellular population, with a daily turnover rate of somewhat less than 1 % of their total 
number (15).

Type-I epithelial cells and endothelial cells can readily be damaged, whereas type-II 
cells are relatively resistant (16). The capillary endothelium has in fact been viewed as 
the common target determining radiation tolerance in many organs (17). Following 
alveolar damage, endothelial cells have the capacity to migrate, spread and proliferate 
(18) whereas type-I cells are replaced by proliferating type-II cells, which are capable of 
differentiating into type-I cells (16). In the early response to damage there is often an
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increased surfactant synthesis and release into the alveolar space (19). Type-13 cells can 
also synthesize a variety of matrix components in vitro including FN, collagens, proteo
glycans and elaborate complement components (20). Epithelial cell-derived mediators 
can stimulate fibroblast proliferation and may thus be an important early mechanism in 
pulmonary fibrosis of various etiologies (21). Since both type-I and type-II epithelial 
cells in patients with fibrosing alveolitis (22,23) express class II major histocompatibility 
antigens (MHC), they may be able to activate lymphocytes. Endothelial cells may also 
express cell surface receptors for inflammatory cells (24). Endothelial cell damage re
sults in increased vascular permeability which allows plasma proteins to activate the 
coagulation system and the complement system with ensuing consequences on platelet 
and PMN aggregation and activation (25).

The pulmonary alveolar macrophage (PAM)

Normally the inflammatory and immune effector cell populations of the lung paren
chyma are dominated by the pulmonary alveolar macrophage (PAM), a cell that 
generally accounts for at least 90 per cent of the effector cells present (26). Pulmonary 
alveolar macrophages are the only macrophages living in aerobic conditions and this 
environment is likely to influence the behaviour of the cell. The pulmonary alveolar 
macrophages are derived from blood monocytes but can replicate in situ, probably from 
a reservoir of cells within the interstitium (27). The alveolar macrophage population has 
been shown to display considerable heterogeneity in functional properties in studies in 
vitro (28) suggesting that there is compartmentalization of different phenotypes in the 
interstitium and air space (29). The pulmonary alveolar macrophage is also together 
with monocytes one of the most effective antigen-presenting cell in the lung (30) and is 
the resident phagocyte of the alveolar space (31,32). During phagocytosis, PAM release 
oxygen radicals and proteolytic enzymes (33) and can also contribute to alveolitis by 
secreting chemotaxins that attract more PAM as well as PMN (34). The alveolar 
macrophages play also a major role in increasing the T-cell population by releasing 
interleukin-1 (35).

The pulmonary alveolar macrophage is a major source of fibrinogenic mediators. One 
such factor is fibronectin (FN), which has both fibroblast chemotactic and growth factor 
activity (36). In addition, activated PAM can secrete "alveolar macrophage derived 
growth factor" (AMDGF) also known as insulin-like growth factor-1, stimulating the 
proliferation of fibroblasts (37). It has been demonstrated that these factors are secreted
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spontaneously by PAM present in lavage samples from patients with idiopathic pulmo
nary fibrosis (IPF) (38,39). Another potent fibroblast stimulating factor is PDGF 
(platelet derived growth factor). Increase of PDGF-related peptides in relation to acti
vated PAM has recently been reported in human IPF (40) as well as in the rat (41).

The lymphocyte

The lymphocyte is also an important effector cell of the lower respiratory tract normally 
accounting for less than 10 per cent of the inflammatoiy and immune effector cells pre
sent (26). Lymphocytes tend to be more prevalent within the interstitium than on the 
epithelial surface. The distribution of lymphocyte subtypes in the lung is similar to that 
in blood although the lung has relatively more T-cells and fewer B-cells (26). Lympho
cytes are evident in tissue sections in almost all cases of ILD especially in immune-rela
ted disorders such as sarcoidosis, extrinsic allergic alveolitis and collagen vascular 
diseases (42). In sarcoidosis analyses of BAL derived T-cells reveals spontaneous secre
tion of potent lymphokines such as interleukin-2 and gamma-interferon (43,44).

The neutrophil (PMN)

Neutrophils are rare in the alveolar structures in non smokers (45), however, the pul
monary microvasculature contains a large marginated pool of PMN and when recruited 
to inflammatory sites these cells can outnumber PAM (46). Neutrophils are recruited 
and activated by complement (47) and alveolar macrophage derived chemotactic factors 
(48). Thus, secretory products of PAM are part of the regulatory mechanisms of PMN in 
the lungs that appear to be crucial in the initiation of inflammatory reactions. Of the in
flammatory cells associated with alveolitis, the PMN has the greatest capacity to inflict 
damage by releasing several types of proteases (49) and various oxygen species when ac
tivated (50,51).

The fibroblast

In the normal lung, fibroblasts account for approximately 40% of all parenchymal cells 
(42). Fibroblasts are relatively resistant to damage but their numbers can dramatically 
increase after damage (16). Fibroblasts have recently been shown to be morphologically
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heterogeneous and a great variety of ultrastructural features consistent with differences 
in protein synthesis, contractile functions, cell and matrix interactions have been re
vealed (52). Fibroblasts have the capacity to synthesize collagens, structural glyco
proteins and proteoglycans and can also directly contribute to the mechanical properties 
of the alveolar wall (53). Soluble factors released by blood monocytes, PAM, and T- 
lymphocytes can stimulate fibroblast growth (54).

The platelet

At sites of injury where the platelet may be exposed to aggregation stimuli such as 
denuded basement membrane, release of mediators e.g. PDGF and transforming growth 
factor-beta could be involved in several aspects of the fibroproliferative response 
(55,56).

The mast cell

Mast cells are distributed virtually throughout all vascularized tissues and are parti
cularly abundant beneath epithelial surfaces, adjacent to blood and lymphatic vessels, 
within and near peripheral nerves and within peritoneal and pleural cavities (57). Mast 
cells are present in human lung and skin in concentrations of 1-10 million cells/g (58). 
Mast cells in various tissues differ in their phenotype. This heterogeneity was first 
described in rodents. In 1966 Enerbäck demonstrated differences in the fixation and 
staining properties of rat mast cells discriminating atypical or mucosal mast cells 
(MMC) found in the rat intestine from the connective tissue mast cells (CTMC) found 
in the skin and peritoneal cavity among other sites (59,60). The cationic dye-binding 
properties of rat mast cells were found to be highly susceptible to the manner of fixation 
of the tissue; low concentration of formaldehyde-acetic acid preserves MMC well while 
normal aldehyde fixative does not. The aldehyde blocking of dye-binding was found to 
be a distinctive property of the MMC while it is absent in CTMC (61). Variations in the 
structure of the proteoglycans in mast cell granules have been found in rats. The MMC 
contains chondroitin-sulphate proteoglycan while the CTMC contains heparin (62). The 
granules of both types stain metachromatically with thiazine dyes such as toluidine blue. 
The two cationic dyes alcin blue and safranin colour the granules of MMC blue and 
those of CTMC red (60). These two subpopulations of rodent mast cells was later shown
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to differ also in their protease system (63). The properties of the different rat mast cells 
are shown in Table H.

Table H  Characterisation of the mucosal mast cell (MMC) and the connective tissue 
mast cell (CTMC) in the rat.

Proteoglycan
MMC
Chondroitin-sulphate

CTMC
Heparin

Protease RMCP-n RMCP-I
Histamine content Low High
Formaldehyde blocking 
Astrablue/Safranin

Yes Now
Blue Red

Berberin No Yes

In humans there are several lines of evidence for a similar heterogeneity among mast 
cells. In lungs ultrastructural studies have revealed variations in the morphology of the 
mast cell granules (64). Differences in fixation and staining properties resembling those 
of the rat mast cells, have been found in human gut mucosa (65) and also in the human 
lung (66). Human mast cells, like those of the rat, also have a distinctive protease com
position but of a different nature than the rat enzymes. Based on immunohistochemical 
investigations tryptase-containing (T-positive) and chymase/tryptase containing (TC- 
positive) mast cell granules have been described (67). The majority of human lung mast 
cells (approximately 90%) can be classified as formalin sensitive and would thus be 
classified as "mucosal" according to formalin fixation characteristics (67). However, in 
contrast to the mast cells of rodents, formalin sensitive human lung mast cells contain 
granules that stain positively with berberine sulphate (68). Thus, human mast cells dis
play a degree of complexity not seen in rodents.

Like basophils, mast cells also have high-affinity immunoglobulin E (IgE) receptors 
(69). The classical mechanisms by which mast cells are activated involve the cross- 
linking of IgE receptors on their surface by antigens (69). However, numerous non- 
immunological stimuli such as compound 48/80 (70), polymyxin B (71) or hyperosmolar 
stimuli (72) can also activate these cells.

The human mast cell contains and generates a wide variety of inflammatory mediators. 
Preformed mediators in addition to histamine include proteoglycans and a variety of 
lysosomal and other enzymes; tryptase and chymotrypsin-like enzymes, beta- 
hexosaminidase, beta-glucuronidase, arylsulfatase and elastine (73). Newly generated
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mediators include metabolites of arachidonic acid from both the cyclooxygenase and 
lipoxygenase pathway (74). Platelet-activating factors are also synthesized after mast cell 
activation (73). Histamine is mitogenic for fibroblasts and endothelial cells; it stimulates 
collagen synthesis in fibroblasts (75) through a histamine 2 (H2)-receptor interaction 
both in the rat (76) and in the human (77). Heparin is supposed to be mitogenic for 
fibroblasts and acts as an angiogenic growth factor (78,79).

Mast cells and fibrosis

Mast cells are prominent in several fibrotic conditions, including wound healing with or 
without hypertrophic scars or keloid formation (80,81), and neurofibromas (82). The 
number of mast cells is increased in idiopathic pulmonary fibrosis (64). In animal ex
periments mast cells have been documented not only in radiation-induced pulmonary 
fibrosis (83,84) but also in lung fibrosis induced by bleomycin (85), asbestos (86) and 
silica (87). However, little is known about the mast cell response in irradiated human 
lung tissue, although an increase of mast cells have been reported in other radiation-in
duced injuries in human, such as radiation-induced myocardial fibrosis (88).

There is now increasing evidence for an association between mast cells and fibroblasts 
(80,89,90). It is known that mast cells can establish a cell-to cell-interaction with en
vironmental cells, for example, fibroblasts and endothelial cells, recognized both in vitro 
and in vivo (91). Cultured fibroblasts have been shown to actively engulf isolated 
granules from the mast cells in vitro (92) and the phagocytosed granula components can 
also modulate the production of various fibroblast-derived mediators (91).

Collagen

The most abundant macromolecule in the lung is interstitial collagen which account for 
at least 60% of the total connective tissue protein (93). Every collagen molecule consists 
of three polypeptide chains, called Â-chains, wound around each other in a helix to 
generate ropelike molecules which assemble and form fibrils, and sometimes larger 
fibers (94). Currently as many as 13 distinct types of collagen molecules have been de
scribed with differences in fiber formation that influence the mechanical and functional 
properties of the extracellular matrix (95). There are at least eight types of collagen in 
the lung (53) where type I and type ID collagens account for the majority of total peri
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pheral lung collagen (93). Fibroblasts are the major producers of collagen although 
smooth muscle cells and epithelial cells can produce small amounts (96). Collagen 
synthesis is under complex regulation by many factors including cytokines, steroid 
hormones and matrix components (97,98). Pulmonary alveolar macrophages, PMN and 
fibroblasts produce collagenases that degrade collagen (99).

Pulmonary fibrosis is associated with an absolute increase and abnormal distribution of 
collagen fibres (93). By using specific antibodies to the various collagen types an in
crease in type I collagen relative to type ID collagen has been demonstrated in areas 
with ongoing fibrosis (100). However, conflicting results have also been reported with 
increase of type in collagen (101). The increase and abnormal deposition of collagen is 
likely to be the result of both increased synthesis and decreased degradation (102). A 
twenty percent decrease in intracellular collagen degradation has been observed after 
bleomycin administration in rabbits (103). The collagen metabolism can be reflected by 
various markers, for example, N-propeptide-m-collagen, which is split when native pro- 
collagen-in is converted to type ID collagen (104). Increased amounts of PIIJLP in BAL 
have been measured in fibrotic lung disorders such as IPF and sarcoidosis (7,11,105). An 
increase in serum P111P has been found in patients with pulmonary fibrosis caused by 
adverse effects of chemo- or radiotherapy (106).

Fibronectin (FN)

Fibronectin (FN) is a fiber-forming glycoprotein composed of two disulfide-bounded 
subunits. The main source of FN in the normal lung is the fibroblast but also PAM have 
been shown to produce FN and in pulmonaiy fibrosis the production of FN by PAM is 
found to be increased (38). Fibronectin is found in body fluids and in the extracellular 
matrix. The protein is divided into a number of functional and structural domains and it 
has the capacity to bind to, for example, cells, collagen and proteoglycans (107). Fibro
nectin promotes fibroblast chemotaxis and acts as an inducer for fibroblast proliferation 
(38). There are several lines of indirect evidence in vitro that collagen is deposited on a 
fibronectin matrix (108) and FN may thus serve as a template for collagen deposition. 
Fibronectin accumulates in the lung during the early phase of lung injury (8,109,110). 
Lafuma and co-workers found that an increase in plasma FN was associated with a 
parallel increase in acute phase proteins in rats subjected to irradiation (111). They 
suggested that plasma FN may reflect injury to the endothelial cells. In a study by 
Maasilta and colleagues no correlation was seen between plasma FN and BAL-FN and
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the degree of radiation-induced lung damage in patients treated for mesothelioma by 
radiotherapy (112).

Glucosaminoglycans (GAG)

Glucosaminoglycans are also called acid mucopolysaccarides and are distinguished by 
their repeating disaccharide subunits each consisting of an amino-sugar and uronic-acid 
(113). With the exception of hyaluronic acid (HA) GAG are covalently bound to a core 
protein to form proteoglycans (113). Glucosaminoglycans account for less than 1% of 
the lung connective tissue mass (114). Pulmonary parenchymal GAG are of two major 
types: sulphated (chondroitin-sulphate, heparan-sulphate and dermatan-sulphate) and 
nonsulphated (hyaluronic acid) (53). Fibroblasts are the most important producer of 
interstitial GAG including production of the protein core. Glucosaminoglycans are also 
synthesized by smooth muscle cells, endothelial cells and epithelial cells (53).

Hyaluronan (HA)

Hyaluronan is a linear polysaccharide built from repeating disaccaride units consisting 
of glucuronic acid and glucosamine (115). Hyaluronan makes up about 20% of the total 
glucosaminoglycans of the normal human peripheral lung (115). It is usually found in 
tissue as a high molecular weight expanded coil structure which gives rise to properties, 
such as pronounced viscoelasticity (116). The rheological properties of HA solutions 
have been utilized clinically to develop the technique of viscosurgery (117). Hyaluronan 
is a key macromolecule in the organization of different matrix components and binds to 
link proteins, certain proteoglycans, FN and a range of various cells and it also promotes 
cellular movements (116,118). In granulation tissue formation there is an early increase 
in HA deposition, which is later replaced by mainly sulphated glucosaminoglycans (119). 
Hyaluronan seems to enter the circulation via lymph (120), and is rapidly eliminated by 
the hepatic pathway (121).

Increase in HA concentrations have been measured in BAL fluid from patients with ex
trinsic allergic alveolitis (9), sarcoidosis (6,122) and idiopathic pulmonary fibrosis (11). 
A strong correlation between PlliP and HA was also seen in these patients suggesting 
that activated fibroblasts were the main source of the increased HA production. In 
patients with liver cirrhosis (123), rheumatoid arthritis (124) and scleroderma (125), an
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increased level of HA in serum has been demonstrated. This has also been demon
strated in patients with cancer (126).

BIOLOGICAL EFFECTS OF IRRADIATION

The precise mechanism by which ionizing irradiation causes damage in biological 
systems has not been fully elucidated, however, it is well recognized that tissue damage 
is to a major degree dependent upon the generation of free radicals (127). At least two 
targets of irradiation are recognized in biological tissues: genetic material and nongene- 
tic macromolecules such as proteins and polysaccarides (127). A single large dose of 
irradiation is more damaging than the same total dose administered in several fractions 
(128). The chronology and mode of expression of radiation-induced damage of genetic 
and nongenetic macromolecules are different. The lethality of damage to genetic 
material is only expressed when the cell next enters mitosis, where major chromosomal 
aberration results in anaphase arrest or nonviable daughter cells (127). The interval 
between irradiation and biological expression of chromosomal damage is, therefore, to 
some extent a function of the mitotic rate of the tissue (129). Thus, radiation-induced 
chromosomal damage will be most marked in the bronchial epithelial cells, endothelial 
cells and in type-II epithelial cells in the lung as these cell types have the highest mitotic 
rates (130). Damage to nongenetic material results in biophysical changes with more 
immediate and widespread consequences; increased permeability of membranes and 
fragmentation of connective tissue directly affect functions (131). Late effects may also 
occur where destruction of the basement membrane in the lungs may impede recon
struction of tissue architecture and result in later functional dearrangement and scar 
formation (132).

Human experiences

Since the early recognition of the effects of irradiation on the lungs and pleura in 1898, a 
large number of articles have appeared describing both the clinical and experimental 
development of radiation-induced pneumonitis. In 1922, Groover and colleagues were 
the first to describe the clinical development of cough and dyspnea in patients, 
associated with increased lung density, following thoracic irradiation (133). In 1926 
Desjardins reviewed the problem and suggested the term "radiation pleuropneumonitis" 
to designate both the reversible and the permanent changes occurring in the lung after
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irradiation (134). The advent of supervoltage therapy as well as increasing radiation- 
dosages have drawn attention to the parenchymal changes in the lung from irradiation. 
In 1955, Chu and colleagues proposed the term "radiation pneumonitis" since pleural 
reactions to irradiation in most cases, appeared to be minimal (135). The lungs are 
subjected to local irradiation in the treatment not only of primary lung and pleural 
tumours but also of those arising in the breast, spine, thymus and oesophagus. Part of 
the lungs is also included when radiation is directed to the mediastinal glands affected 
by lymphoma or Hodgkin’s disease of the mediastinum (136). The effects of irradiation 
are increased by concomitant or superimposed treatment with cytotoxic agents, by a 
prior course of radiotherapy, by hyperoxia and by withdrawel of treatment with cortico
steroids (128,137,138). The occurrence of radiation-pneumonitis depends on the volume 
of lung irradiated, the total dose, the rate of delivery, the number of fractions and, as 
well as on the presence or absence of modifying influences and on preexisting lung 
diseases (139). Early investigators observed wide individual differences in susceptibility 
to fibrosis after therapeutic irradiation (140). Such variability is still noted among 
patients receiving treatment with more sophisticated radiation equipment (141).

The sequence of pathological changes in humans after irradiation of the lungs can only 
be sketched because of the lack of systematically obtained material. In human diseases it 
is rarely possible to obtain data at precisely the same time point in the course of the 
disease even among patients in the same study. Furthermore, there are often secondary 
changes resulting from superimposed infection, heart failure and post mortem artefacts. 
Observations on the earliest effects of irradiation to the lungs are not available, but his
tological studies on the lungs of patients dying four to twelve weeks after completion of 
radiation therapy showed lesions in virtually all pulmonary structures (142). Vascular 
lesions were characterized by engorgement and thrombosis of capillaries and arterioles, 
intimai proliferation and media changes (142). Atypia, hyperplasia and desquamation of 
alveolar epithelial cells were also noted (143). At a later stage, six months or more, the 
histological appearance is dominated by dense fibrosis and thickening of the alveolar 
walls, a reduction of fine vasculature and gross architectural abnormalities, a picture 
seen in pulmonary fibrosis of various causes (128)

In radiation-pneumonitis and fibrosis, clinical and pathological stages have been divided 
into the early phase, which occurs up to two months after irradiation, the intermediate 
phase, which occurs from two to nine months and a late phase, which occurs after nine 
months and as late as several years after treatment (128). In general, symptoms of 
radiation-pneumonitis are absent during the first two months after completion of
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radiotherapy. Occasionally, patients develop signs of bronchial irritation during or 
immediately after radiotherapy, but usually symptoms, as a mild cough, do not appear 
until between six weeks to three months following irradiation (144). In most cases the 
symptoms gradually disappear within one month. The earlier the symptoms develop the 
more serious the reaction tends to be. With extensive radiation-pneumonitis, there is a 
troublesome non-productive cough usually followed by dyspnea, tachypnea and fever. 
Such symptoms occur in about 10% of patients undergoing standard fractionated 
therapy that involve one third to one half of one lung receiving a total dose of approxi
mately 40 Gy over a period of four to six weeks (145). Chest roentgenogram, in the case 
of pneumonitis, typically shows hazy shadowing in the first two to three months, 
progressing to more dense infiltration, most often sharply limited to the irradiated area 
(128). Complete resolution of the X-ray findings is rare and most of these patients show 
a gradual evolution of dense permanent fibrosis on X-ray (146). Less frequently several 
years after therapy fibrosis can appear without an acute phase (147). Sometimes the X- 
ray changes are not located in the irradiated region and can even occur in the contra
lateral lung (148). No relationship between the clinical symptoms of pneumonitis and 
the degree of X-ray changes has been found (149).

In the majority of cases no treatment is necessary. However, when radiation-induced 
pneumonitis causes troublesome symptoms and/or extensive X-ray changes, corticoi- 
steroids are given. Although no controlled clinical studies are available, there is a strong 
clinical belief that they are effective (150). Animal studies have shown improvement in 
lung histology (151) and reduced mortality (152) when corticosteroid treatment is given. 
Corticosteroid treatment has no influence on established radiation-induced fibrosis.

Animal experimental models.

Many agents have been used to induce experimental interstitial lung diseases in animals: 
bleomycin, paraquat, cyclophosphamide, irradiation, ozone, hyperoxia and various 
fibrogenic dusts (93). The onset of lung fibrosis induced by chemicals such as bleomycin 
and paraquat is much more rapid in contrast to the relatively slow time course of most 
interstitial lung disorders seen in man (153). Since radiation-induced lung damage has a 
slower time course in most species, it may be a more suitable experimental model to 
study interstitial lung disorders (153), although even within this form of damage there 
appears to be differences in response, both quantitatively and qualitatively, between 
species (154) and even between strains (155). In most experimental animal models the
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whole thorax or hemithorax is irradiated, whereas in the clinical situation fractionated 
radiotherapy to just part of the thorax is given. One exception is radiotherapy of 
mesothelioma where both large volumes and high doses of radiation are used (156).

The response of the lung both clinically and in experimental animals subjected to irra
diation can be divided into two syndromes that are not necessarily related: the radiation 
pneumonitis and radiation fibrosis (157). The former can be divided into at least three 
phases, which overlap with one another. First there is a latent period followed by an ex
sudation phase characterized by interstitial and intraalveolar edema (83,158) and in
creasing epithelial and endothelial cell damage (145). The histological changes are dose 
dependant: light microscopy reveals edema and congestion already at one to two days 
following whole thorax irradiation at 30 Gy (158). The pneumonitis phase follows a few 
weeks after irradiation and involves persistent edema with increasing numbers of mainly 
mononuclear cells in the septa and air spaces (83,158). The late or fibrotic phase in
volves proliferation of septal and alveolar cells and accumulation of connective tissue 
matrix components that leads to reconstructional changes in all tissue elements, and 
finally there is a progressive consolidative interstitial fibrosis (83,158).

Target cells

The primary target cell of radiation-induced pulmonary damage has not yet been de
fined. It has often been suggested that the damage is principally vascular, causing 
vascular leakage both interstitially and onto the alveolar surface (145,159). In a study 
from Adamson and colleagues it was shown that the earliest injury following irradiation 
to the whole body in mice involved vacuolation and subsequent destruction of capillary 
endothelium (160). In contrast no apparent endothelial injury was evident in an ultra- 
structural study in rats, in which both single and fractionated doses were used (161). In
creased vascular permeability characterized by the accumulation of radiolabelled al
bumin in the interstitial and alveolar space has been shown at one day after whole 
thorax irradiation followed by a return to normal and a three fold increase at three 
weeks after exposure in rats (162). Other studies have shown damage to type-II epi
thelial cells (161). An early increase in surfactant factor, produced by epithelial type-II 
cells, has been reported in rodents subjected to irradiation (129,163). The release of 
prostaglandins, leukotrienes, and histamine from mast cells and PAM has also been 
suggested to play an important role in the early post irradiation injury in rats (164).
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BRONCHOALVEOLAR LAVAGE 

General overview

The technique of bronchoalveolar lavage, a simple extension of fiberoptic bronchoscopy 
(26), has been widely used since the late 70’s, and since then, its use has had a 
tremendous impact on the practice of pulmonary medicine (165). An early application 
for analysis by broncholaveolar lavage was found in patients suffering from diffuse forms 
of interstitial inflammation and fibrosis. As a result a considerable amount of informa
tion exists about airway cells and secretions that are involved in inflammation associated 
with many respiratory diseases (2,10,166,167).

As the alveolar surface area is some 100 times greater in proportion to that of the peri
pheral airways distal to the tip of the wedged bronchoscope the BAL fluid that is re
covered represents largely the alveolus lining sample (168). The total volume of extra
cellular fluid linking the airways and alveoli, calculated by dilution technique, has been 
measured to be 0.5-1.0 ml. (2). A typical lavage procedure is expected to sample 
approximately 10^ alveoli (42). The pattern of cellular recovery differs slightly in serial 
fractions as more PMN are contained in the first or initial fractions, fewer PAM and 
more lymphocytes appear in the later ones (169). There is a progressive decrease in the 
concentration of soluble components in the serial fractions, but within each fraction the 
relative ratio of certain protein molecules to a certain denominator remains constant 
(170).

Cells

In normal non-smoking patients with radiologically normal lungs, PAM constitutes 
about 85 % of the differential count, lymphocytes 7-12%, PMN 1-2%, eosinophils < 1% 
and mast cells < 0.5%. The total cell numbers are 1-2x10^ /l. (2). On the basis of cell 
differential counts in BAL a classification into two main types of alveolitis associated 
with ILD can be made. The first type of alveolitis is characterized by an increase in the 
proportions of lymphocytes and is found in sarcoidosis (171) and extrinsic allergic al
veolitis (172) whereas the second type of alveolitis is characterized by an increase in the 
percentage of PMN, and is found in IPF (173) and in the interstitial lung disorders asso
ciated with collagen vascular diseases (174). In normal subjects up to 90% of the 
lymphocytes in BAL are T-cells and only 1-2% are B-cells (26,175). About 50% of the
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T-cells are helper cells (Tjj) as recognized by the OKT4 monoclonal antibody and 30% 
are suppressor/cytotoxic cells (T$) as recognized by the OKT8 monoclonal antibody; 
the ratio of helper to suppressor T-cell is 1.5 (175). In several interstitial lung diseases 
these proportions can be distinctive (175,176).

Fig 1. Cytospin slides from human BAL fluid. A) Normal non-smoker. B) Normal 
smoker. Note the large number of inclusions in the cytoplasm of PAM. C) Sarcoidosis. 
Note the increased number of lymphocytes.

Soluble components

Several molecular components can be identified in BAL fluid giving valuable insights 
into disease processes occurring at that level (10,167,183). However the results are 
somewhat hampered by the fact that there is no ideal denominator or method for 
quantification of the dilution factor. Most investigators use albumin as the denominator 
for protein ratios because it is a small molecule (67 000 daltons) that is synthesized by 
hepatocytes and not by lung cells and diffuses readily from plasma into lung secretions 
(2). Urea levels in BAL and serum have been suggested as an endogenous marker of 
BAL fluid dilution (177). The method has, however, the disadvantage of being sensitive 
to variations in time duration from instillation to recovery of lavage fluid (dwelling time) 
(178).
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BAL VERSUS INTERSTITIAL MORPHOLOGY

As BAL samples the air-side surface of a subsegment of a lobe and not lung parenchyma 
per se, findings might not be representative of those observed by histological exami
nation of the lung interstitium. This is considered to be a major limitation of the useful
ness of BAL lavage. In the few studies that have correlated BAL cells with cells isolated 
from lung biopsy tissue by enzymatic digestion, BAL samples from patients with sarcoi
dosis have corresponded surprisingly well (179,180). In studies from patients with IPF, 
tissue sections marked with a battery of monoclonal antibodies have revealed numerous 
interstitial lymphocytes (181). Since increased numbers of lymphocytes are uncommon 
findings in BAL samples in patients with IPF (see above), it seems that BAL does not 
always indicate the full range of inflammatory cell types that occur in the interstitial 
tissue.

SMOKING AND THE IMMUNE RESPONSE IN THE LUNG

Smoking causes profound changes in the alveolar spaces. About 20 substances in the al
veolar milieu as sampled by BAL, may be changed when normal smokers are compared 
to normal non smokers (182). Both PAM and PMN are found to be increased in number 
in BAL fluid from smokers (183). The lymphocyte populations remain numerically con
stant although certain T-cell functions, notably mitogen induced proliferation, may be 
reduced (184). Marked changes in the structure, activity and function of the PAM are 
noted. Morphologically they show increase in endoplasmic reticulum, large lysosomes, 
and cytoplasmic inclusions and the cells are significantly larger in area than those from 
non-smokers (184,185) (See Fig 1). Other reported effects of chronic cigarette smoking 
on PAM include increased adherence to glass and increased migration capacity 
(186,187). The phagocytic activity of PAM in smokers has been reported as normal 
(188) but in more recent studies it has been reported to be decreased (189). Pulmonary 
alveolar macrophage effector functions mediated by products of the lipoxygenase and 
cyclooxygenase pathway appear to be significantly impaired by tobacco-smoke as the 
production of prostaglandins and leukotrienes are considerably reduced (190,191). In 
strong contrast, the release of potentially tissue damaging components such as reactive 
oxygen metabolites are much greater in smokers than in non-smokers (192). The 
accessory cell functions of PAM in smokers associated with antigen presentation and 
activation of T-lymphocytes have been reported to be defective (193,194). Broncho- 
alveolar lavage fluid from smokers contains increased absolute numbers of
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cytotoxic/suppressor T-cells (Tg) compared to non-smokers (195). Significantly higher 
prevalence of serum precipitating IgG antibodies to antigens associated with farmer’s 
lung disease has been found in non-smoking farmers compared to smoking farmers 
(196,197). In contrast, increased IgE antibody production and the manifestation of 
asthma symptoms has been reported to occur more frequently in smokers than in non- 
smokers in several specific industrial settings (198). The paradoxical selective pattern of 
antibody response seen in smokers could be attributed to a tobacco-smoke induced 
suppression of regulatory T-lymphocyte function (199).

The cessation of tobacco smoke exposure in experimental animals is associated with the 
restitution of normal immune and inflammatory functions (200). Cell populations 
present in lavage fluids from exsmokers are numerically and morphologically in
distinguishable from those derived from non-smokers, but relevant functional studies 
have not been reported (199).
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AIMS OF THE STUDY

I To evaluate the radiation-induced inflammatory response in human lung using
bronchoalveolar lavage (BAL)

n  To develop an experimental animal model for fibrosing pneumonitis, allowing
comparable studies of interstitial morphology and BAL findings.

IQ To study time-kinetic relationships in radiation-induced fibrosing pneumonitis.

IV To study pathophysiological mechanisms in radiation-induced fibrosing pneumo
nitis, with special regards to the role of mast cells and hyaluronan.

V To study the effect of tobacco smoke on radiation-induced pneumonitis.
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MATERIALS AND METHODS

THE CLINICAL STUDY ON BREAST CANCER PATIENTS (Paper I and II)

Patients

Twenty-one consecutive patients (mean age 48 years, range 35-64) with unilateral breast 
cancer, stage T^NqMq, were studied. Eleven were smokers and ten non-smokers (never 
smoked). Controls, included 19 healthy members of the medical staff and students (11 
males, 8 females), 7 smokers and 12 non-smokers; mean age was 35 years, range 16-57. 
The study was approved by the local ethical committee. Informed consent was obtained 
from each patient and control.

Treatments

After resection of the tumour, post-operative local radiation therapy (2 Gy/day; photon 
beams 6 MV) was given 5 times a week for 5.5 weeks. The total accumulated mean tar
get dose was 56 Gy (see Fig 1., paper H).

Chest X-ray and calculation of irradiated volume

Chest X-ray was performed two months after the completion of radiation therapy with 
an anterior and lateral view combined with a 45 degree rotation view of the irradiated 
side. By using CT-scanning, the volume of lung parenchyma within the dose range of 
90% was calculated (Fig 1, paper I).

Bronchoalveolar lavage (BAL)

Bronchoalveolar lavage was performed two months after the completion of radiation 
therapy. A total of 240 ml Sterile Kreb’s Ringer phosphate buffer (pH 7.3) was infused 
in four aliquots of 60 ml. Bronchoalveolar lavage was performed either in the anterior 
part of the lingula (left side) or anterior part of the middle lobe (right side), depending



Fig 2. Bronchoalveolar lavage.

on which side of the breast was irradiated (Fig. 2). The mean recovery of fluid was 124 
± 18 (Mean ± SD) ml with no significant differences between patients and controls.

Cell preparation and analysis
The cell pellet from the bronchoalveolar lavage fluid was resuspended in a balanced salt 
solution to a concentration of IO** cells per ml. Slides were prepared with a cytocentri- 
fuge (Cytospin Shandon, Southern Ltd, Runcorn England) at 96 X g for 5 min giving 
approximately 50 000 cells/slide. The cytospin slides were stained with May- 
Griinwald/Giemsa and the incidences of PAM, lymphocytes, PMN and eosinophils were 
determined by counting 200 non-epithelial cells. Mast cells were stained with 0.5% 
toluidine blue in 0.5N HC1, and counterstained with Mayer’s acid hematoxylin (65). In 
total 4000 cells in ten visual fields were counted at a magnification of X 160.

Hyaluronan (HA)
Hyaluronan was analyzed in BAL and serum in duplicate by a radioimmuno-assay 
(Pharmacia Diagnostics, Uppsala, Sweden) according to the principles previously out
lined (201). The detection limit for HA was 5 pg/\ by this method. Variation in the mea
surements of HA was less than 10 per cent. The mean serum HA values for the patient
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group was 25 ± 19 (Mean ± SD) pg/l with no significant differences among the patients 
or between the patient group and the controls.

Procollagen-IIl-peptide (PIIIP)
Procollagen-in-peptide was analyzed using a radioimmuno-assay (Boehringer-Ingel- 
heim). The detection limit for PIKP was 0.2 jug/1. Variation in the measurements was 
less than 10 per cent.

Fibronectin (FN)
FN was analyzed with a double-sandwich ELISA technique. Microtiter plates (NUNC, 
Denmark) were coated with rabbit-antihuman FN antibodies (Dakopatts, Denmark) 
diluted 1:2000 in carbonate buffer, pH 9.6. After incubation at room temperature for 24 
hours the titer plates were carefully washed. Phosphate buffered saline (PBS) containing 
0.05% albumin was added, and the plates were left at room temperature for one hour. 
The PBS was removed, BAL fluid and serum samples were added in a diluted series to
gether with a 1:2000 dilution of horse-radish peroxidase-labelled antihuman FN 
(Dakopatts) as the second antibody and the plates were incubated for 90 min. The 
amount of bound peroxidase, which was proportional to the amount of FN in the 
sample, was measured by analyzing the enzymatic activity of ortho-phenylendiamine. 
Plasma FN of nephelometric quality was provided by Sigma Chemicals and used as a 
standard. The detection limit was 10 Mg/1- Intra- and inter-assay variation was below 7 
percent. The serum FN level in all patients was 5.1 ± 1.9 (mean ± SD) mg/1. No signi
ficant differences were found between smokers and non-smokers and no correlation was 
found between the serum FN and the FN levels in BAL.

THE ANIMAL MODEL (Paper III-V1) 

Animals

Male Sprague-Dawley rats (Anticimex AB Stockholm) with an age of about 10-15 
weeks, weighing 250-300 g at the start of the experiments were used. In all irradiated 
rats "clinical" signs of a slight increase in the frequency of breathing was seen from week 
six. The loss of weight was about 20-30% in the irradiated groups. The mortality rate 
was very low and restricted to complications associated with anaesthesia.
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Bronchoalveolar lavage was performed and lung tissue preparations were collected 
immediately post mortem. The experiments were approved by the Ethical committee, 
and handled according to the regulations of the Swedish Animal Protection Act (SF 
1988:534).

Induction of radiation pneumonitis

The animals were anaesthetized by intraperitoneal injections of Donnicum^ and Hyp- 
normR and placed in a specially designed box. The upper 2/3 of the thorax was covered 
with a shield of lead and the rest of both lungs, corresponding to an irradiated area of 
approximately 8 x 40 mm, were irradiated with X-ray (Siemens Stabilipan 200) at 190 
Kv, HVL 4 mm Al, dose rate 2 Gy/min, receiving a single dose of 30 Gy (paper ni-IV). 
In paper V, X-rays from a medical linear accelerator (6 MV, 2.19 Gy/min, focus to skin 
distance 100 cm) were used, giving a single dose of 28 Gy.

Bronchoalveolar lavage (BAL)

Rats were anaesthetized by intraperitoneal injections of Dormicum^-Hypnorm^. The 
lungs and trachea were dissected free and after tracheotomi a plastic tube was inserted 
in the trachea and placed in the right main bronchus (Fig. 3). The left main bronchus 
was compressed and three ml ice cold Kreb’s solution was instilled and gently aspirated. 
The lavage was repeated three times with two ml of the solution. The lavage fluid was 
kept on ice and the total number of cells were counted in a Biirker chamber. The lavage 
fluid was centrifuged at 400 x g for 15 min at 4° C and the supernatants were stored fro
zen at -70°C awaiting biochemical analysis.

Analysis of cells
The collection of cells and the preparations for cytological analysis were made as descri
bed (See above). The cytocentrifuge preparations were stained with May-Griin- 
wald/Giemsa and toluidine blue before cell differential counting.
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Fig 3. BAL was performed by 
the use of a small plastic 
catheter inserted in the 
trachea and placed in the 
right main bronchus.

Determination ofhyaluronan in BAL
The same assay as for measurement of HA in the human BAL fluid, was used.

Total protein in BAL (Paper V)
The total amount of protein in BAL was determined using Bio-Rad protein assay (Bio- 
Rad Laboratories, München, Germany) based on the principle of protein binding to 
comassie brilliant blue (202).

Fixation and staining methods

Immediately after BAL the right and left lungs were gently distended in situ to maximum 
lung capacity by instillation of fixatives. The contralateral main bronchus was 
compressed if two different fixatives were used in the same animal. Lungs designed for 
immunohistochemical staining for HA were fixed in 4% formaldehyde and 1% cetyl- 
pyridinium chloride (F-CPC) in PBS (Paper D3-IV). In paper V, F-CPC was replaced by 
MILAB (0.4% formaldehyde in saline containing 0.2g CaC^, 0.2g KH2PO4, 1.14g 
Na2HPC>4 and 8g NaCl in 1 1 H2O, MILAB Laboratory, Malmö, Sweden). Lungs pre
pared for collagen staining (Masson’s tricrom) and mast cell staining (toluidine blue) 
were fixed in isotonic formaldehyde-acetic acid (0.6% formaldehyde and 0.5% acetic 
acid in distilled water (IFAA). In some animals in study V, IFAA was replaced by 
OmnifixR (Histolab, Gothenburg, Sweden). Omnifix is a commercial solution resem
bling ethanol fixative and is often used for immunohistochemical analysis. Although the
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fixative does not preserve the morphology as well as EFAA, it does not alter the numbers 
of mast cells (data not shown). Some sections, designed for mast cell staining, were 
stained directly with acid toluidine blue after refixation in neutral buffered 10% formal
dehyde for 24 hrs (59). For details regarding histochemical and staining methods see 
paper III-V.

Histological analysis

In paper IV, the total number of mast cells were counted in the alveolar interstitium 
using slides stained with toluidine blue. Cells in seven randomly selected areas corres
ponding to 0.28 mm2 were counted. In paper V, the total cell numbers and mast cell 
numbers were counted in ten randomly selected areas with an accumulated area of 0.113
m m 2-

The extent of fibrosis was assessed by estimating the amount of dense collagenous 
connective tissue using an arbitrary scale (Paper HI).

Localization ofhyaluronan (HA) by tight microscopy (Paper III-V)
Pieces of tissue from the lungs, fixed in F-CPC or MILAB, were cut with a microtome to 
give 5 pm thick sections and incubated for 30 min in PBS supplemented with 1% bovine 
serum albumin. The sections were incubated overnight with the hyaluronan binding 
probe (170 pg ml,1:1 dilution) at cold storage temperature and washed twice with PBS 
for 20 min before treatment with a 1:200 dilution of avidin-biotin-peroxidase 
(Vectastain, Vector Lab Inc, Burlingam CA, USA) for 1 hour. After three washes in 
PBS, the sections were incubated for 5 min in 0.05% diaminobenzidine (Sigma 
Chemical Company, St Louis MO, USA) and 0.03% hydrogen peroxidase in phosphate 
buffer at room temperature. Some sections were incubated with Streptomyces 
hyaluronidase (Sigma) in the presence of the protease inhibitor in PBS for 3 hrs at 37°C 
and washed twice with PBS for 10 min prior to staining.

Compound 48/80 treatment (Paper IV)

The synthetic polyamine compound 48/80 has been extensively used to study mast cell 
degranulation. The extrusion of granules is initiated after binding of the secretagogue to
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a receptor on the cell surface of the CTMC (203,204). Compound 48/80 was admini
stered intraperitonealy according to the schedule previously described (205); on the first 
day after irradiation compound 48/80 was given at a dose of 0.1 mg/100 g body weight. 
This dose was increased daily by 0.1 m g/100 g body weight until a dose of 0.5 m g/100 g 
body weight was reached, which was the maintenance dose. This was administered twice 
a week until the animals were sacrificed 2,4, 6 and 8 weeks respectively. After the injec
tion of compound 48/80, rats behaved as described by Riley (206). The first dose of 0.1 
mg/100g body weight had no apparent effect but a few minutes after a dose of 0.2 
mg/100g body weight signs of strong cyanosis were seen in their ears and paws. They 
gradually recovered after about 15 minutes and appeared normal after one hour. Sub
sequent injections during the following days up to the dose of 0.5mg/100g body weight 
gave less obvious effect and thereafter only a slight reaction was noted.

Fig 4.
TS was drawn from the cigarettes into the smoke chamber at a flow rate of 2 1/min. 
Each cigarette was smoked in 24 puffs, each lasting 5 s, interspaced with fresh air lasting 
10 s, regulated by flaps (2). Smoke particulates were collected on a filter (3) (poor size 
0,8 /Am) at a flow rate of 0.21/min corresponding to the minute volume of a conscious. 
(1) Steper motor; (4) Suction pump 0.21/min; (5) Suction pump 2 1/min
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Tobacco-smoke exposure (Paper V)

Rats were individually exposed nose-only, to tobacco-smoke (TS) interspersed with fresh 
air. Tobacco-smoke from University of Kentucky high-yield reference cigarettes (2R1) 
was generated and administered in a specially designed apparatus similar to that de
scribed by Robinson and colleagues (207) Fig 4. The rats were divided into five groups 
of eight animals each according to the tobacco-smoke/irradiation schedule shown in Fig 
5. A total of nine cigarettes were smoked each day, five days a week for ten weeks. Rats 
were exposed to smoke three weeks prior to the irradiation and killed seven weeks after 
the irradiation.

No
8

S 8

RNS

RS

RS/NS

* 8

8

8

Weeks 3 10
Fig 5.
Irradiation and smoke-exposure schedule for 40 Spraque-Dawley rats. Diagonal striped 
bars indicates smoke exposure periods. * Indicates the time point for irradiation (Single 
dose of 28 Gy) C = control; S = smoke-exposed; RNS = irradiated none-smoke expo
sed; RS = irradiated and smoke exposed; RS/NS = smoke-exposure 3 weeks prior to 
irradiation.
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RESULTS AND DISCUSSION 

THE CLINICAL STUDY (Paper MI)

X-ray

In three non-smoking patients chest X-rays were positive and these three patients also 
had high levels of HA, FN and PULP in BAL fluid. No correlation was found between 
the estimated irradiated lung volume and any of the parameters in BAL fluid reflecting 
tissue inflammation.

Cellular findings

A significant increase in the percentage of PMN, eosinophils and mast cells was found in 
the patient group compared to the controls. Also the number of lymphocytes was eleva
ted but not statistically significantly. Looking separately at smokers and non-smokers in 
patients and controls it was noted that non-smoking patients had significantly elevated 
numbers of lymphocytes and mast cells while the smokers had numbers not differing 
from the controls. No statistical difference was found between smoking and non-smo
king patients regarding the proportion of PMN and eosinophils. It was found that the to
tal cell count was most elevated among healthy smokers.

Biochemical findings in BAL

The patients had a threefold increase in mean FN concentration compared to healthy 
controls (p< 0.001). Also the concentration of HA was significantly increased in the 
patient group (pcO.Ol). The BAL fluid concentrations of Pm P were below the detec
tion limit in the controls but measurable amounts were found in four of the patients, all 
non-smokers. The lavage recovery of albumin was significantly increased in the patient 
group (p < 0.05). Non smokers and smokers among the controls had similar lavage con
centrations of FN, HA and albumin. In contrast non-smoking patients had significantly 
higher concentrations of FN, HA and albumin compared to smoking patients. The diffe
rences between the smoking and non-smoking patient groups reached statistical signifi-
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cance for FN (p< 0,001) and HA (p<0.01) but not for albumin. In the patient group a 
significant correlation was found between FN and the increased total and relative num
bers of lymphocytes (r=0.7, p< 0.002 for both correlations). The increase in FN was also 
related to the increased recovery of HA. There was a tendency towards a correlation 
between the numbers of mast cells and HA, but this was not statistically significant 
(r=0.38, 0.05<p<0.1)

Interpretation: The human BAL studies. (Paper I and II)

The BAL findings two months after radiotherapy revealed an increased cellular in
flammatory response and an increase in the concentration of FN, HA and PULP in the 
patient group. In clinical BAL studies on patients with fibrosing interstitial lung 
disorders, raised levels of FN (38,110,208) and HA (9) in BAL fluid have been suggested 
to reflect disease activity. Studies in vitro have demonstrated that a number of in
flammatory mediators, for example, lymphokines, platelet and epidermal-derived 
growth factors are potent stimulators of HA and FN synthesis (116,209). The increased 
levels of lymphocytes were related to the increased concentrations of FN and HA, and 
lymphocytes are capable of secreting mediators that stimulate PAM to secrete fibro- 
nectin (208) as well as induce fibroblasts to secrete both FN and HA (210,211,212). 
There are no earlier reports on mast cell involvement in radiation-induced pneumonitis 
in humans although this has been found in other types of interstitial diseases (64) and in 
animal models (83,84). Mast cells are known to interact with fibroblasts (91), and are 
capable of secreting mediators that stimulate fibroblasts to proliferate and secrete 
glucosaminoglycans and collagens (80).

The magnitude of inflammatory parameters in BAL fluid was not correlated to the irra
diated volume. The mean volume of irradiated tissue was estimated to be 104 ml (range 
27-253) and it is reasonable to assume that most of the BAL fluid sample is derived 
from areas outside the irradiation field suggesting that a more general inflammation is 
induced by irradiation. This is in agreement with a BAL study on four breast cancer 
patients with fulminant pneumonitis in which BAL was performed from both the irra
diated and the non-irradiated lungs. A lymphocyte-dominated alveolitis of comparable 
magnitude was seen bilaterally suggesting that the reaction evoked by irradiation may be 
of a hypersensitivity reaction type, secondary to the primary radiation-induced tissue 
damage (213). There are other studies implicating a critical role for the lymphocytes and 
the immune system (143,214).
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One of the main findings in the clinical study was that the inflammatory reaction evoked 
by irradiation was closely associated with the smoking habits of the patients. The in
crease in the relative numbers of lymphocytes and mast cells and soluble components 
was found among non-smoking patients. In the few BAL studies reported concerning 
pulmonary irradiation, a lymphocyte-dominated alveolitis has been reported (213, 
215,216). Interestingly, a similar cellular BAL profile is found among patients with 
sarcoidosis and extrinsic allergic alveolitis (5,9). Several reports on patients with sarcoi
dosis and extrinsic allergic alveolitis have shown a much lower incidence of smokers 
compared to the general population (217,218).

Thus, radiation-induced pneumonitis has expanded the list of interstitial lung disorders 
where tobacco-smoke interferes with the pulmonary reaction. Since no conclusions on 
whether the BAL findings also reflect genuine cellular and matrix alterations in lung 
tissue or not, can be made from this clinical study, there is a need for an animal research 
model.

THE EXPERIMENTAL PNEUMONITIS MODEL IN RATS (Study III-VI) 

Bronchoalveolar lavage (BAL) findings

Irradiation
The cell recovery increased during the observation period with a peak value at eight 
weeks. The proportion of PMN increased during the first weeks and peaked at the sixth 
week. A moderate increase in lymphocytes was seen. A pronounced decrease in the pro
portion of PAM was noted during the first six weeks. Very few mast cells ( < 0.1%) were 
observed throughout the experimental period. A marked increase in HA was seen 
between week six and eight followed by a decrease. This peak concentration was closely 
associated with the appearance of HA deposition in the interstitial tissue.

Tobacco-smoke exposure (Paper V)
Tobacco-smoke (TS) induced a slight but significant increase in the number of PAM 
(p<0.05). In the irradiated and smoke exposed rats (RS) the cell recovery was reduced 
compared to irradiated non-smoking rats (RNS) and the differences were significant for
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PMN (p<0.03) and mast cells (p< 0.002). Also a significant reduction in HA (p<0.03) 
was noted in the RS group compared to the RNS group.

Light microscopy

Irradiation
An increase in the numbers of intraluminal PMN and mononuclear cells were observed 
at two weeks and reached a maximum between week four and six. At four weeks a peri
bronchial inflammation occurred with an accumulation of mononuclear cells and to a 
lesser degree of PMN. In the controls mast cells were present in the peribronchial and 
perivascular tissue. In the irradiated animals, mast cells were first seen in increasing 
numbers around small bronchioles and vessels at four weeks, and at six weeks a heavy 
intraseptal mastocytosis was evident in the irradiated areas. The mastocytosis was main
tained throughout the rest of the observation period. At two weeks the alveolar septa 
were swollen. It decreased by four weeks and was two weeks later replaced by an infil
tration of mainly mononuclear cells in the interstitial tissue. The cellular infiltration di
minished from week eight and a deposition of matrix components including positive 
staining for collagen was seen. In the controls, HA was restricted to the peribronchial 
and perivascular areas. In the irradiated animals an increased deposition of HA was first 
seen around smaller bronchioli and smaller vessels and by week six, HA was found in 
the interstitial tissue. By week eight the content of HA in the interstitial tissue had 
diminished and was sparsely seen at week ten. Parallel to the decrease in the HA con
tent an increased collagen deposition was noted.

Compound 48/80 treatment
In the compound 48/80 treated animals no apparent difference in morphology was 
noted until week eight when a slight reduction in the collagen staining was seen. How
ever, the most notable finding was the reduction in mast cell numbers in the compound 
48/80 treated group and at week six about 90 % of the mast cells were degranulated. 
The majority of the mast cells (approximately 85%) were resistant to formaldehyde 
blocking as judged by toluidine blue staining. The deposition of HA was markedly re
duced in the compound 48/80 treated rats.
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Tobacco-Smoke exposure
Tobacco-smoke exposure reduced the edema and cell infiltration in the irradiated rats 
(RNS). The reduction of cells was most notable in the intra-alveolar regions. Only 
moderate septal thickening and a slight matrix and fibrillar formation could be seen in 
the RS group. No mastocytosis was noted in the interstitial tissue and the deposition of 
HA was reduced.

Interpretation: BAL versus interstitial morphology

The most characteristic cellular BAL findings was the marked transient increase of 
PMN during the first six weeks following irradiation. This increase closely followed the 
pattern of HA levels in BAL fluid. However, no topographical correlation between 
PMN and HA could be noted. The deposition of HA was seen mostly in the alveolar 
septa, while PMN were mainly located in the bronchial and bronchiolar regions. The 
lack of apparent correlation between the number of PMN in BAL and in the interstitial 
tissue is further supported by the fact that neutrophil depletion in animal models does 
not seem to prevent the development of fibrosis (93,219). A gradual increase in the 
numbers of lymphocytes in BAL fluid was seen and this was in line with interstitial fin
dings. Several recent reports on ILD have described increased numbers of lymphocytes 
and abnormalities in lymphocyte subsets in lavage (220,221,222,223). Alterations in T- 
lymphocytes are of particular interest because of the known effects of certain lym- 
phokines on matrix production (224,225). Depletion of lymphocytes in animal models 
results in a decreased fibrotic response (226,227,228). The relative low number of foamy 
alveolar macrophages seen in BAL compared to that observed in the alveolar spaces 
may indicate that there is a considerable contribution of PAM from bronchial areas in 
BAL. Another explanation would be that these cells are more adhered to the mucosal 
surface and are thereby not so easy to lavage (229).

However, the most notable difference between BAL and histology was the sparse num
ber of mast cells seen in BAL compared to the heavy mast cell infiltration noted in lung 
tissue sections. Most of these cells were located in the interstitial septa which may ex
plain the difference. Others have reported that BAL sampling seems to underestimate 
the actual representation of lymphocytes located in the intraalveolar septa and inter- 
stitium whereas PMN seems to be overestimated in lavage fluid (230,231,232). The 
latter was also found in the present study in addition to a underestimation of mast cells.
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Contrary to the cellular BAL analyses, measurement of HA in BAL was closely related 
to the deposition in the interstitial tissue. Early increase in the production of glucos- 
aminoglycans has been described in several experimental models of pulmonary fibrosis 
(114). Recently Nettelblad and colleagues demonstrated an increase in HA in alveolar 
septa in areas of interstitial edema and active fibroblast proliferation in bleomycin-in
duced fibrosis in rats (229). Accumulation of HA in areas of intraalveolar fibrosis is con
sistent with increased HA levels in lavage fluid from patients with extrinsic allergic al
veolitis (9) and it has previously been reported that the measurement of HA and PIIIP 
in patients with idiopathic pulmonary fibrosis reflects the disease activity and predicts 
the course of the disease (11) better than cellular analysis.

Interpretation: The role of mast cells in radiation-induced pneumonitis.

Mast cell characteristics
In consistence with earlier reports a mainly intraseptally-located infiltration of mast cells 
was observed in the pneumonitis phase (83,84). The majority of these cells were found 
to be sensitive to compound 48/80 treatment but insensitive to aldehyde blocking 
suggesting that the cells were of connective tissue cell type (CTMC) (59). These findings 
are in agreement with data shown by Goto and co-writers who found a ten-fold increase 
in CTMC in rats exposed to bleomycin (85).

Further characterisation of the mast cells in rat lung exposed to irradiation has been 
made in a collaborative study with Aldenborg and colleagues, Department of Pathology 
Gothenburg (233). The preliminary results demonstrate a gradual change in the proteo
glycan content from a mucosal mast cell (MMC) type to a CTMC type at the end of the 
observation period (eight weeks) which may indicate a maturation or differentiation 
process. A similar change in staining properties of glucosaminoglycans in mast cells has 
been observed in vitro when bone-marrow derived mast cells (which initially synthesize 
chondroitine-sulphate proteoglycans) were co-cultured with fibroblasts (234).

The effect of mast cell manipulation by compound 48/80
Regular treatment with compound 48/80 from the start of irradiation induced an exten
sive decrease in the number of visible mast cells seen in the interstitial tissue throughout 
the experimental period. Empty "mast cell shadows" could be seen spread in the irradia
ted areas. This depletion of mast cells was seen simultaneous with a significant decrease
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in the deposition of HA both observed in tissue staining and in BAL fluid. On the con
trary, an increase in HA, both in tissue deposition and in BAL fluid concentration, was 
noted when the mast cell secretagouge was introduced during the pneumonitis phase, 
the time point when mast cells already had infiltrated the lung tissue.

In an ultrastructural study of patients with idiopathic pulmonary fibrosis, Kawanami and 
co-workers have reported a twenty-fold increase in mast cell numbers in lung paren
chyma (64). The majority of these mast cells were found in the thickened, fibrous al
veolar septa, and they often showed signs of secretory activity. Moreover, mast cells 
found in the early phase of scleroderma (235) do not stain with standard dyes in a later 
stage suggesting that they are transformed from resting storage cells into secretory cells.

Although the precise mechanism of radiation-induced fibrosis is unknown, it is obvious 
that the mast cell plays a significant role. Blood-borne mast cell precursors may arrive at 
the site of inflammation and under the influence of growth factors, liberated by in
flammatory cells, these cells may start to proliferate. Local factors from fibroblasts may 
induce mast cell precursors to differentiate into CTMC as indicated by the observed 
staining properties. During this process the mast cells are probably metabolically active 
and secrete substances contributing to the profibrogenic milieu as indicated by alte
rations seen in HA deposition.

Interpretation: Effects of smoking on radiation-induced pneumonitis.

From the clinical study it was obvious that smoking had a suppressive effect on the 
number of effector cells found in BAL fluid. The suppressive effects of smoking were 
further substantiated by the findings from the animal studies. Seven weeks after the 
irradiation the morphology in the smoke exposed and irradiated animals differed from 
those irradiated. Very sparse signs of inflammation were found and the basic structure 
was almost unchanged. No signs of mastocytosis were noted and the deposition of HA 
was almost negligible. This was also reflected in the BAL findings. A significant de
crease in PMN, mast cells and HA was found in the smoke exposed compared to the 
non smoke exposed irradiated animals. There was also a reduction in lymphocytes, but 
this was not significant.

Osanai and colleagues showed that tobacco-smoke caused a reduction in bleomycin-in
duced pulmonary fibrosis in hamsters (236). However, in contrast to the present study
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no decrease in cellular numbers in the bleomycin and smoke-exposed animals was found 
in BAL fluid. The noted differences between the cellular response in these two models 
may be due to differences in species and/or differences in the magnitude of the smoke 
exposure.

Obviously tobacco-smoke interferes with radiation-induced pneumonitis causing 
pronounced suppression of the inflammatory response. The mechanisms of action of 
smoking are not yet fully understood. One major target cell is the PAM. Smoking is 
known to induce changes in the effector functions of PAM which involve enhanced se
cretion of cytotoxic effector molecules such as superoxide anion (192) and reduced pro
duction of regulator molecules derived from the cyclooxygenase and lipoxygenase path
way (190,191). The production of interleukin-1 has been reported to be decreased (237) 
or increased (238). The antigen presenting capacity is decreased (193,194) and there is 
also evidence that an expanding pool of PAM, as seen in smokers, causes a down-regula- 
tion of lymphocyte activities (239).

A marked finding was the nearly complete absence of mast cells in the irradiated areas 
in the smoke-exposed and irradiated animals. The low numbers of mast cells could be 
due to smoke induced suppression of chemotactic and/or mitogenic factors necessary 
for mast cell recruitment or maturation in lung tissue. Tobacco smoke induces a change 
in subsets of T-lymphocytes; increasing the suppressive/cytotoxic fraction (195). T-cell 
derived mediators have been shown to be important for mast cell proliferation 
(234,240). The absence of mast cells could also be due to mast cell degranulation 
induced by smoke. It is also known that PAM (241) as well as T-cells (242) contain fac
tors that can induce mast cell degranulation. However, no or very few partly degranula
ted mast cells or "mast cell shadows" were found in the irradiated lung tissue. The 
finding of low concentrations of histamine in BAL fluid in the irradiated and tobacco- 
smoke exposed animals (data not shown) does not support degranulation as being the 
major reason for the absence of these cells. The reduction of HA both in BAL and in 
lung tissue may be directly or indirectly related to the mast cell response observed, 
however, increased proteolytic activity in lung tissue mediated by various cells must also 
be considered.
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The findings that smoking markedly suppresses not only the cellular inflammatory 
response but also the connective tissue reaction in the irradiated rat lung is in 
agreement with the human BAL study on patients with breast cancer (paper I-II). 
Moreover, the smoke-induced connective tissue remodelling observed in the present 
study may be representative also of the interaction of tobacco smoke in other lung 
diseases such as sarcoidosis and extrinsic allergic alveolitis.
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CONCLUSION S

The early inflammatory phase in radiation-induced injury in man was characterized by a 
lymphocyte-dominated alveolitis in BAL fluid accompanied by an increase in soluble 
matrix components such as HA, FN and PIEP. The irradiated lung volume did not cor
relate to the degree of tissue inflammation reflected in BAL fluid suggesting a more ge
neral immunological activation triggered by irradiation. This was further supported by 
the fact that tobacco smoke effectively suppressed the magnitude of inflammatory re
sponse resembling what has been observed in other lymphocyte-dominated immuno
logical lung disorders such as sarcoidosis and extrinsic allergic alveolitis.

The experimental animal model of fibrosing pneumonitis was suitable for comparing 
BAL findings to interstitial morphology. Measurement of soluble components such as 
HA in BAL fluid correlated very well to its corresponding deposit in the interstitial 
tissue in contrast to cellular sampling especially exemplified by mast cells and PMN.

The accumulation of HA occurred parallel to the influx of inflammatory cells in the al
veolar tissue in lung sections and preceded the fibrotic response visualized by the depo
sition of collagen. The deposition of HA in the interstitial tissue was topographically 
closely related to the heavy infiltration of intraseptally located mast cells and, further 
more, early depletion of these mast cells by continuous treatment with a mast cell secre- 
tagogue, compound 48/80, resulted in a decrease in HA deposition. However, mast cell 
degranulation, induced during the pneumonitis phase, gave an enhanced HA deposition. 
This indicates a direct or indirect participation of mast cells in the regulation and forma
tion of the connective tissue matrix.

Tobacco-smoke exposure to rats subjected to pulmonary irradiation confirmed the re
sults obtained in the clinical BAL study; an overall suppression of inflammatory para
meters was obvious in the smoke-exposed animals and this was reflected both in BAL 
fluid analysis and in tissue sections. Most characteristic, found in both the clinical and 
experimental studies, was a significant decrease in mast cell numbers and in HA levels 
in BAL fluid.
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