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Scadding' defined fibrosing alveolitis as a disor-
der of the lower respiratory tract characterised
by inflammation and fibrosis of the pulmonary
interstitium and peripheral airspaces. This
leads to derangement of the alveolar wall and
loss of functional alveolar capillary units,
resulting in a restrictive pattern in lung func-
tion tests.
The term has been used to describe a large

number ofpulmonary diseases, including those
caused by inhaled dusts, such as asbestos, or
the administration of drugs such as amio-
darone, gold, busulphan, and bleomycin or
those associated with collagen vascular dis-
eases, such as rheumatoid arthritis and sys-
temic sclerosis. In three quarters of cases,
however, no causative agent or associated con-
dition can be found and these are referred to as
cryptogenic fibrosing alveolitis (Turner-
Warwick et al2) to emphasise both the inflam-
matory and the fibrotic components of the
disease. In the United States the condition is
referred to as idiopathic pulmonary fibrosis. Its
prevalence in the United Kingdom is five cases
per 100 000 of the population3 and mortality is
increasing, 1200-1400 people dying each year
from the condition.4

Aetiology
Many studies, particularly in animals exposed
to toxic agents such as bleomycin5 or asbestos,6
support the idea that direct injury to capillary
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Figure 1 Open lung biopsy specimen showing interstitial thickening withfibrosis. There
is a chronic inflammatory infiltrate in the interstitium. Type 2 cell hyperplasia is present
(arrow). (Haematoxylin and eosin.)

endothelial cells, shared basement membrane,
and pneumocyte.type 1 epithelial cells leads to
interstitial fibrosis. Furthermore, in the adult
respiratory distress syndrome acute lung injury
results in similar damage and survivors often
develop diffuse interstitial fibrosis.7

Injury is believed to be due either to inhala-
tion of injurious agents or to blood borne
agents. Many consider that viral infections play
a part but this has never been proved. Only one
study, of 13 patients, has found serum anti-
bodies to Epstein-Barr virus but the meaning
of this remains unclear.8 Occupational or
environmental exposure could be relevant.
Recent work has suggested that exposure to
metal dust and wood fires may have a role.9 In
general, the initiating agent or agents in fibro-
sing alveolitis remain unknown.

Epithelial and endothelial cell injury
Most current theories on the pathogenesis of
pulmonary fibrosis are based on the hypothesis
that there is initial damage to endothelial or
epithelial cells or both. Inflammatory and
immune cells then move into the interstitium
and alveolar spaces from the circulation and
release mediators that stimulate collagen
production by fibroblasts.'0 In fibrosing
alveolitis and asbestosis there is ultrastructural
evidence of both epithelial and endothelial cell
injury from the earliest stages of disease.6 The
injury and loss of these cells can affect the
underlying tissues.

Epithelial control of fibroblast proliferation
has been seen in tracheal grafts. If a tracheal
graft is denuded of epithelium the lumen is
gradually obliterated with fibrous tissue but this
is prevented if the graft is re-epithelialised."
Experiments using cytotoxic agents have
shown that prevention of re-epithelialisation
similarly leads to fibrosis but this does not occur
if epithelial regeneration is permitted to take
place.'2 Thus repeated damage to alveolar
epithelial cells may be an important mechanism
in the development of fibrosing alveolitis.
Repair ofepithelial damage results in prolifera-
tion of type 2 pneumocytes, which is a promi-
nent histological feature of cryptogenic fibro-
sing alveolitis (fig 1). A role for pulmonary
epithelial cells in immunoregulation has also
been described, with epithelial cells suppress-
ing lymphocyte clonal expansion in the alveolar
space." Thus damage to epithelial cells may
alter the immunological environment and
result in proliferation of lymphocytes, which is
a feature of fibrosing alveolitis.
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Figure 2 Electron lucent cytoplasmic granules with swelling in both endothelial (E)
and type 1 (I) cells with reduction in the lumen of the alveolar capillary. There is also
interstitial oedema. (Transmission electron microscopy.) Reproducedfrom Corrin et al6
by courtesy of the Journal of Pathology.

Recent ultrastructural studies suggest that in
systemic sclerosis alveolar capillary endothelial
cell injury precedes inflammation and fibrosis.'4
Endothelial cells are also capable of releasing
potent mediators, which may have a role in
tissue damage.'5 There is evidence from clinical
studies and animal models that pulmonary
vascular leakage of proteins occurs many days
before lung fibrosis is detectable by biochemical
or histological techniques.'6 7 Two indepen-
dent lines of evidence suggest that increased
pulmonary vascular permeability occurs in
fibrosing alveolitis. Firstly, ultrastructural
studies have shown injured epithelial and
endothelial cells with associated interstitial
oedema in patients with early fibrosing
alveolitis (fig 2).6 Secondly, clearance of
radiolabelled low molecular weight solutes
from lungs to blood is increased in such
patients.'8 Endothelium produces vasodilator
substances, such as prostacyclin (PGI2), in
response to mast cell products, such as his-
tamine and the leukotriene LTC4.'5 In addi-
tion, the discovery that vascular endothelium
activates and produces many adhesion
molecules for inflammatory cells'5 has shown
that it has a much more important role than was
previously realised in the pathogenesis of
inflammation.

Inflammatory cell infiltration
In fibrosing alveolitis inflammatory cells
accumulate in the interstitium of the lung and
alveolar airspaces. This "alveolitis" with sub-
sequent fibrosis leads to the loss of normal
alveolar architecture. This is an early feature
of fibrosing alveolitis with expansion of the
interstitium by lymphocyte and plasma cells (fig
2). In addition, many macrophages can be seen

in the alveolar lumina. There are also increased
numbers of neutrophils, eosinophils, and mast
cells in bronchoalveolar lavage fluid, though
fewer are seen in lung tissue of open lung
biopsy specimens.'9 Such cells can be identified
at an early stage of the disease before fibrosis is

detected clinically.'8 They are all capable of
secreting mediators that can cause lung injury.

NEUTROPHILS
Infiltration of the lungs by neutrophils is an
early event in animal models of lung injury
induced by bleomycin and asbestos.' Neutro-
phils migrate into tissue after adhering to
endothelial cells by expressing cell surface
adhesion molecules, particularly the integrin
CD18/CD1 ib, which acts as a ligand for the
intercellular adhesion molecule (ICAM)-1. In
addition, endothelium produces endothelial
leucocyte adhesion molecules (ELAM)- 1,
which serve to bind neutrophils, and this
secretion is enhanced by the cytokines inter-
feron y, tumour necrosis factor (TNF)-cx, and
interleukin (IL)- 1.20 Neutrophils release a wide
range of granule associated enzymes, par-
ticularly proteases and collagenases, which can
degrade the connective tissue matrix.2' They
also release highly reactive oxygen radicals
such as superoxide anion, hydrogen peroxide,
hydroxyl radicals, and hypohalous acids, which
can cause epithelial cell injury.2' 22 These
oxygen radicals require myeloperoxidase, a
granule protein found in neutrophils, and
halide anions for their production. Gluta-
thione, which is a powerful oxygen radical
scavenger, is present in large amounts in the
normal respiratory tract and protects the res-
piratory epithelium from damage.23 There is a
reduction in glutathione in the lower res-
piratory tract of patients with fibrosing
alveolitis, which could exaggerate the effects of
oxygen radicals.24
Although few neutrophils are observed

within the lung interstitium in fibrosing
alveolitis, their number is increased in lavage
fluid, suggesting that they rapidly traffic out of
the capillaries into the airspaces. In patients at
risk of developing fibrosing alveolitis, such as
those with systemic sclerosis or rheumatoid
arthritis, neutrophils are increased in lavage
fluid in the absence of radiological evidence of
lung disease, indicating subclinical alveo-
litis.'825 Increases in neutrophil number in
lavage specimens tend to be higher in patients
who do not respond to steroids.2627 Repeated
lavage indicates that patients responding to
high dose prednisolone have a significant
decrease in neutrophils.28 Raised concentra-
tions of proteases and collagenases are seen in
lavage fluid from patients with fibrosing
alveolitis.29 More recently, increased concen-
trations of myeloperoxidase have been found,
supporting the theory that neutrophil mediated
damage occurs in fibrosing alveolitis.0 Thus
neutrophil products, though not the initiating
agents of lung injury, are likely to promote a
vicious cycle of further damage.

EOSINOPHILS
Eosinophils are occasionally observed in the
lung interstitium of patients with fibrosing
alveolitis and may comprise up to 20% of the
cells in lavage fluid.3' There is evidence that an
increase in lavage eosinophils as well as neutro-
phils is associated with progressive disease
before treatment and a poor response to
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steroids.2627 Eosinophils contain several gran-
ule proteins that can damage tissue. These
include major basic protein, eosinophil cationic
protein, and eosinophil peroxidase.32 There are
raised concentrations of eosinophil cationic
protein in lavage fluid samples from patients
with fibrosing alveolitis andmany ofthe eosino-
phils are degranulated.33 This suggests that
eosinophils, like neutrophils, may contribute to
lung injury in this condition. In patients having
cyclophosphamide treatment and low dose
steroids, repeated lavage shows a decrease in
eosinophils.28

MAST CELLS
Several lines ofevidence suggest that lung mast
cells may play a part in the pathogenesis of
pulmonary inflammationandfibrosis. Mast cells
are found in lung biopsy material from patients
with fibrosing alveolitis, particularly in areas of
fibrosis.34 Raised concentrations of histamine
and tryptase have been observed in broncho-
alveolar lavagefluid frompatients with fibrosing
alveolitis.35 '3 The histamine concentrations
show a significant correlation with percentage
of eosinophils and neutrophils in lavage
samples and with the higher grades offibrosis in
lung biopsy specimens from the same patients.
In certain circumstances histamine causes
proliferation of cultured fibroblasts in a dose
dependent manner.37 Mast cells are closely
apposed to fibroblasts in nornal lung and in
fibrosing alveolitis. 438 In vitro studies have also
shown that mast cells and fibroblasts are func-
tionally interdependent. Mast cells in culture
cause multiplication of fibroblasts and in-
creased collagen to accumulate in the extra-
cellular matrix.' Heparin from mast cell
granules is mitogenic for fibroblasts.' Trans-
forming growth factor # produced by mast cells
also stimulates lung fibroblast collagen produc-
tion.4'
Mast cells produce PGD2, leukotriene TC4,

and the enzyme tryptase, which all have a role
in promoting vascular leakage.42 Degranulated
mast cells have been identified in other fibrotic
conditions, such as scleroderma,43 supporting
the hypothesis that mast cells represent a link
between activated endothelial cells and
fibroblasts in the skin of patients with this
condition. Taken together, these findings
indicate that mast cells in the lung have the
potential to promote inflammation and stimu-
late collagen deposition. Some workers, how-
ever, believe that mast cells may be a secondary
phenomenon or have a minor role in interstitial
fibrosis because pulmonary fibrosis can be
induced with bleomycin in mice genetically
deficient in mast cells."

MACROPHAGES
Lung biopsy specimens from patients with
cryptogenic fibrosing alveolitis contain
increased numbers of macrophages both in the
alveolar spaces and in the lung interstitium.
The macrophage population is mixed with
mature (RFD7 +) cells, those with markers
normally found on interdigitating cells
(RFD 1 + ), macrophages seen in sarcoid

granulomas (RFD9 +), and less mature cells
bearing the RFD2 phenotype.45 46
Macrophages are capable of producing a

wide range of mediators, which can affect
nearby cells. These include: (1) neutrophil and
eosinophil chemotactic factors; (2) cytokines,
which alter permeability of endothelial cells
and adhesion molecule expression; (3) growth
factor signals to fibroblasts and other mesen-
chymal cells.
The neutrophil chemotactic factors include a

400-600 Da factor, which is produced by
macrophages that have been stimulated by
immune complexes or lavage fluid containing
immune complexes.47 A second 10 000 Da
moiety is produced when macrophages are
stimulated by IgG or zymogen particles. There
is evidence that IL-8 is a component of this
moiety." IL-8 is one of at least 10 8-10 kDa
proteins that form the recently defined inter-
crine supergene family49 and is a potent neutro-
phil chemoattractant and activator, which can
be synthesised by many cells, including
fibroblasts, epithelial cells, and macro-
phages.50 51

There is some evidence that the cytokines
TNF-a and IL-1 are produced by alveolar
macrophages derived from patients with fibro-
sing alveolitis.525' TNF-a can have an auto-
crine stimulatory effect onmacrophages and can
also influence other inflammatory cells, such as
neutrophils and lymphocytes.54 Further work
needs to be done to clarify the expression and
regulation of cytokines and adhesion molecules
in fibrosing alveolitis.
Macrophages release several mediators that

can stimulate lung fibroblast proliferation. Of
these, fibronectin, platelet derived growth fac-
tor (PDGF), and insulin like growth factor 1
(IGF-1) have been implicated in the patho-
genesis of fibrosing alveolitis and will be dis-
cussed in more detail below.

LYMPHOCYTES
Several lines of evidence point to a role for
immunological mechanisms in the pathogen-
esis of fibrosing alveolitis. Most patients have
polyclonal increases in serum immunoglobulin
concentrations. Over 60% of patients have
non-organ specific autoantibodies in their
serum, particularly antinuclear antibodies or
rheumatoid factor.55 Fibrosing alveolitis is a
frequent feature of such classical autoimmune
disease as rheumatoid arthritis, systemic lupus
erythematosus, and systemic sclerosis.2 There
is little evidence of immune complex deposi-
tion in the lung but increased concentrations of
circulating immune complexes are reported
and have also been noted in lavage fluid from
patients with fibrosing alveolitis.5"58 These
appear to correlate with the early stages of the
disease and with a more favourable response to
steroids.57 Lavage fluid shows that lympho-
cytosis occurs in only 17% of patients with
fibrosing alveolitis, but lavage lymphocytes
show a significant correlation with immune
complexes in both serum and lavage fluid.59

T lymphocytes
In contrast to lavage fluid, where lymphocytes
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are commonly not increased, numerous lym-
phocytes are present in the interstitial tissues of
most patients with fibrosing alveolitis34 (fig 2).
T cells make up the majority of these cells, with
variable numbers of T helper-inducer and T
suppressor-cytotoxic phenotypes.3460 These
cells are activated as defined by immunostain-
ing with antibodies to IL-2 and HLA-DR.'"
There is also preliminary evidence in systemic
sclerosis to suggest that a subset ofT cells bear
the CD45RO phenotype ofcommitted memory
type T cells within the lung interstitium and
that the number of these cells is correlated with
alveolar wall thickness.6' Soluble markers ofT
cell activation, such as IL-2 and soluble CD8,
have also been identified in the serum of
patients with fibrosing alveolitis. Activated T
cells produce interferon y, which is present in
excess in lavage fluid from patients with fibro-
sing alveolitis.62 Interferon y is known to have
many functions. It is an activator of macro-
phages and T cells. It also stimulates endothe-
lial cells to express ICAM-l (the specific ligand
for the T cell adhesion molecule LFA-1) and is
a powerful inducer ofHLA-DR expression on
certain cells, including antigen presenting cells
and lung epithelial cells. HLA-DR expression
is found in macrophages, endothelial cells, and
epithelial type 2 cells in fibrosing alveolitis.i'

In animal models of pulmonary fibrosis T
lymphocytes have been found to influence
collagen deposition. In the mouse model of
bleomycin induced lung fibrosis Schrier and
Phan6" found that pretreatment with cyclo-
phosphamide enhanced the fibrotic response,
but that this could be reversed by an infusion of
splenic T cells from normal mice, indicating
that suppressor T cells may have a role in
regulating pulmonary fibrosis. In keeping with
this theory is the observation that an increased
proportion of lymphocytes in lavage fluid from
patients with fibrosing alveolitis appears to be
associated with a more favourable prognosis.27
Interactions between lung lymphocytes and
fibroblasts are discussed further below.

Go
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Fibronectin

G2 (premitosis)

PROGRESSION FACTORS

S

(DNA synthesis phase)
eg IGF-1

Figure 3 Competence and progression factors influencingfibroblast mitosis. PDGF-
platelet derived growth factor.

B cells
Several studies have described lymphoid fol-
licles in the lung interstitium of patients with
fibrosing alveolitis. These lymphoid follicles
consist of germinal centres surrounded by a
mantle of B cells.' Studies of lavage fluid and
peripheral blood also suggest that B cell stimu-
lation has a role in the pathogenesis offibrosing
alveolitis as concentrations of immuno-
globulin, especially IgG, are increased in
both.5665 Lavage cells from patients with fibro-
sing alveolitis secrete more B cell growth factor
than controls.' These data provide convincing
evidence that B cells are active in fibrosing
alveolitis.
The mechanism for the recruitment of lym-

phocytes in fibrosing alveolitis remains unclear.
One possibility is that activated lung fibroblasts
play a part. Fibroblasts have been shown to
produce large amounts of two inflammatory
mediators IL-6 and IGF-1, which have potent
effects on lymphocyte chemotaxis and mitosis.67
Further studies are needed before firm con-
clusions about the role of lymphocytes in the
pathogenesis of fibrosing alveolitis can be
reached.

Activation of lung fibroblasts
There are several potential mechanisms for
fibroblast activation in the lung6 69: firstly, an
increase in fibroblast number, occurring as a
result of either fibroblast proliferation or
recruitment offibroblasts from undifferentiated
stem cells or by chemoattraction of cells from
adjacent areas; secondly, increased collagen
biosynthesis; and, thirdly, diminished collagen
degradation, either through a reduction in the
rate at which newly synthesised procollagens
are degraded or by reduced enzymatic break-
down of collagens in the extracellular matrix.
Each of these mechanisms will be discussed
below.

FIBROBLAST PROLIFERATION
Evidence that fibroblast proliferation is an
important mechanism in the pathogenesis of
fibrosing alveolitis is based on two lines of
evidence. Firstly, morphological studies have
shown that fibroblast numbers are increased.70
Secondly, alveolar macrophages from patients
with fibrosing alveolitis spontaneously release
fibroblast mitogens when cultured in vitro.7'

Current theories of cell division propose that
two different kinds of signal (called competence
and progression factors) are required for
mitosis to occur.72 These signals are thought to
act at different stages of the cell cycle (fig 3).

Fibronectin is an important adhesive mole-
cule in the extracellular matrix. It can also act
as a chemoattractant for fibroblasts and as a
competence factor, inducing cells in the G
phase of the cell cycle to enter GI. Macro-
phages are known to infiltrate the lungs of
patients with pulmonary fibrosis and sponta-
neously secrete more fibronectin than macro-
phages derived from healthy lung.7374
Consequently, it has been proposed that
macrophage derived fibronectinmay have a role
in the pathogenesis of fibrosing lung disease.

1067



Sheppard, Harrison

The relevance of these observations is un-
certain, however, because preparations of
fibronectin derived from macrophage con-
ditioned media may contain other growth fac-
tor contaminants.75 A further consideration is
that fibronectin in the lung may be derived from
other sources. For example, lung fibroblasts are
themselves capable of secreting considerable
quantities of fibronectin when cultured in
vitro.76 Moreover, fibronectin is present in the
circulation77 and substantial concentrations
could enter into the lung interstitium after
endothelial cell injury.

Platelet derived growth factor is a 32 kDa
heterodimeric peptide that can exist as different
isoforms (designated AA, AB, and BB). It also
acts as a competence factor for fibroblast
proliferation and is a potent chemoattractant
for mesenchymal cells in vitro.78 It was origin-
ally isolated from platelets but is now found to
be produced by several cell types, including
macrophages. Alveolar macrophages from
patients with fibrosing alveolitis spontaneously
release platelet derived growth factor and
express messenger RNA (mRNA) for platelet
derived growth factor when cultured in vitro.79
Similar findings have been reported for macro-
phages from rats exposed to asbestos but these
experiments also indicated that platelet derived
growth factor is associated with macrophage
derived a2 macroglobulin and other less well
characterised binding proteins, which raises
questions about its bioavailability in vivo.80
A recent study of lung tissue from patients

with fibrosing alveolitis indicated that tissue
macrophages produce platelet derived growth
factor like molecules and express mRNA tran-
scripts of platelet derived growth factor
genes.8' Other investigators, however, using
similar techniques found that macrophages
produced relatively little platelet derived
growth factor by comparison with type II
alveolar epithelial cells, suggesting that regen-
erating alveolar epithelium may be an impor-
tant source of this mediator.82 Insulin like
growth factor 1 (IGF-1), also called soma-
tomedin C, is a 70 amino acid peptide with a
molecular weight of 7-6 kDa. IGF-1 acts as a
potent progression factor for fibroblasts,
stimulating competence primed cells to com-
plete G, and progress to the S phase (DNA
synthesis phase) ofthe cell cycle (fig 3). It is also
capable of stimulating collagen production by
human lung fibroblasts.83 Alveolar macro-
phages from patients with fibrosing alveolitis
and asbestosis have been shown to spontan-
eously release a progression type growth factor
for human lung fibroblasts.7" A component of
this has since been purified and characterised as
a 25 kDa molecule with IGF-1 like activity.74
Like fibronectin, IGF-1 occurs in high concen-
tration in the blood, where it is bound to large
carrier proteins. This circulating IGF-1 is
thought to be synthesised mainly in the liver.84
Furthermore, IGF-1 like molecules are synth-
esised in vitro by several other cell lines,
including lung fibroblasts.85
Attempts to quantify production rates of

IGF-1 like molecules by macrophages in cell
culture have met with difficulties because of the

presence of binding proteins,85 but the amount
produced by alveolar macrophages may be
small compared with that from other potential
sources.
The ease by which alveolar macrophages can

be obtained by the technique of broncho-
alveolar lavage may have led to an exaggerated
view of the importance of this cell in the
pathogenesis of pulmonary fibrosis. We do not
know whether the alveolar macrophages are
capable of producing sufficient quantities of
growth factors (both in terms of absolute
quantities and because their bioavailability
may be affected by the presence of binding
proteins) to activate interstitial fibroblasts in
vivo.
For a balanced view of the pathogenesis of

fibrosing alveolitis we must consider the pos-
sibility that mediators from sources other than
the alveolar macrophage will affect lung
fibroblasts. Selman and coworkers86 showed
that T lymphocytes from the lungs of patients
with cryptogenic fibrosing alveolitis and extrin-
sic allergic alveolitis released a mediator that
inhibited fibroblast proliferation. By contrast,
circulating T lymphocytes from the same
patients and from controls released a mediator
that caused modest stimulation of fibroblast
proliferation, confirming a similar observation
from an earlier study.87 These findings indicate
differences in behaviour between lung and
blood lymphocytes and illustrate the danger of
drawing generalised conclusions about lung
lymphocytes from studies of cells derived from
the circulation. They also support the observa-
tions discussed earlier that lymphocytes have
an antifibrotic effect in animal models of pul-
monary fibrosis.

Attempts to isolate mediators from purified
preparations of individual cell types cultured in
vitro may also give a misleading impression of
their importance as activators of lung fibro-
blasts in vivo. Cantin and coworkers88 deter-
mined the overall effect of lavage concentrates
on human fibroblasts. This approach permits
the combined effects of mediators present in
vivo to be assessed but it does not permit their
source to be identified. They found that lavage
fluid from patients with fibrosing alveolitis
stimulated significantly more uptake of
thymidine by fibroblasts than did controls,
suggesting that it contained fibroblast growth
factors. Furthermore, this stimulatory activity
was correlated with indices of lung collagen
production in vivo.

Alternative hypotheses have been proposed
to explain the observed increase in fibroblast
numbers in patients with pulmonary fibrosis.
Jordana and colleagues89 showed that
fibroblasts derived from fibrotic lung tissue
proliferate significantly faster than controls
when cultured in vitro. They observed a pro-
nounced heterogeneity in the proliferative
characteristics of lung fibroblasts, with certain
clone derived cell lines showing a "fast
replicating" phenotype, and proposed that the
conditions of injury and repair prevailing in the
lower respiratory tract might select out fast
replicating fibroblast clones. In a similar study
Raghu and coworkers90 found variability in the
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rate of fibroblast proliferation. Fibroblasts
derived from lung biopsy specimens that
showed histological evidence of early disease
had greater proliferative potential than those
from areas with more established fibrosis.

Collagen production by lung fibroblasts
Regulation of collagen production by lung
fibroblasts may occur at the level ofprocollagen
gene transcription, translation of procollagen
mRNA or sites of post-translation modifica-
tions to procollagen molecules. There are now
known to be over 25 different procollagen genes,
located on several different chromosomes. The
elements regulating transcription of the inter-
stitial procollagen types I, II, III and V, which
comprise over 95% of all lung collagen, are
thought to be generally similar.

TRANSCRIPTION AND TRANSLATION OF
PROCOLLAGEN GENES
The mechanisms of transcription and transla-
tion of the procollagen type I (al) gene are
outlined in fig 4. DNA is transcribed by the
enzyme RNA polymerase and the resulting
complementary sequence undergoes further
processing within the nucleus, during which
introns are excised and exons respliced. The
product is a 6 kb mRNA, which leaves the
nucleus to be translated on membrane bound
polysomes. The resultant polypeptide chain
then undergoes extensive post-translational
modifications catalysed by a series of
hydroxylating and glycosylating enzymes.68
The hydroxylation of proline is vital for the

ultimate tertiary structure and function of the
collagen molecule, and is therefore a potentially
vulnerable point in the collagen biosynthetic
pathway that could be open to therapeutic
manipulation. For example, the use of proline
analogues, which result in underhyroxylation
of a chains, has been shown to reduce the

stability of collagen, make it more susceptible
to intracellular degradation and delay secre-
tion.9" The anthracyclines doxorubicin and
daunorubicin, both potent agents of irrevers-
ible inactivation of prolyl hydroxylase,92 have
been shown to impair wound healing in
experimental animals.93

PROCOLLAGEN SECRETION
As procollagen molecules are secreted from
cells the procollagen peptides are cleaved by
proteases, which are specific for either the N or
the C terminal ends, but not for each collagen
type. Several biological functions have been
ascribed to these so called procollagen pep-
tides. Before secretion they are thought to
prevent premature fibril formation but after
secretion may direct fibril assembly. Cleavage
of the C terminal propeptide has been shown to
be the rate controlling step for assembly oftype
I fibrils in vitro.94 The N terminal propeptides
of collagen types I and III have been shown to
exert a negative feedback on collagen synthesis
by fibroblasts cultured in vitro.95

Procollagen peptides have recently assumed
clinical importance as potential markers of
collagen production in vivo. Several features
make them useful for this purpose. They are
thought to be released in stoichiometric
amounts when collagen molecules are secreted
from cells; they are immunologically distinct
for each collagen type; and their high carbo-
hydrate content renders them antigenic. Con-
sequently, radioimmunoassays that detect
procollagen peptides in biological fluids have
been developed and several are commercially
available. Most widely used are assays which
measure theN terminal propeptide of type III
collagen. Increased concentrations of type III
procollagen N terminal peptides have been
detected in the serum of patients with various
fibroproliferative disorders,96 and these assays

Figure 4 Collagen gene
activation and protein
production.
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have also been applied to bronchoalveolar
lavage fluid from patients with pulmonary
fibrosis.97
Two areas of research have been important

in improving our understanding of the regula-
tion of lung collagen production. These are the
development of molecular biological tech-
niques that permit the investigation of
elements regulating collagen gene expression,
and the discovery and characterisation of
polypeptide mediators that have potent effects
on the mesenchymal cells producing collagen.
One such mediator is transforming growth

factor # (TGF-/3), a 25 kDa dimeric peptide
composed of two identical disulphide bonded
subunits, which occurs in at least five different
isoforms. TGF-,B was originally purified from
human platelets, human placenta, and bovine
kidney but is widely distributed throughout the
animal kingdom, being totally conserved in
human, bovine, and porcine species.98 TGF-#
has potent stimulatory effects on the synthesis
ofprocollagenand fibronectin by lung fibroblast
cell lines, and this is associated with an increase
in steady state levels of mRNA for these
proteins.99 It also has the potential to inhibit
collagenase secretion by fibroblasts.l Recent
studies have shown that TGF-,B is present at
sites of extracellular matrix gene expression in
human pulmonary fibrosis'0' and that fibroblast
cell lines derived from lungs of patients with
pulmonary fibrosis respond to TGF-# by
upregulating procollagen gene expression'02
and by reducing the rates at which newly
synthesised procollagen is degraded.'03

In addition to TGF-fl, various mediators
released by activated resident or inflammatory
cells could influence expression of collagen
genes in the lungs after injury. Their inter-
actions are complex and some observations
appear contradictory. For example, IL-1
increases type I procollagen mRNA concentra-
tions,'04 yet in combination with TNF concen-
trations are reduced. Interferon y reduces
steady state type I procollagen mRNA concen-
trations,'05 but does not appear to affect type I
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SPACE Proteases
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Type 11 C O T
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Epithelial cell

Afo injury
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INTERSTITIUM
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Figure 5 Inflammatory cells and the cytokine network influencingfibroblast function.

collagen transcription. "'" The cytokine net-
work, by which inflammatory cells regulate
fibroblast function, with fibroblasts in turn
feeding back to regulate inflammatory cell func-
tion, is complex (fig 5). The effect of the
individual cytokine varies with the state of
activation of the target cells, the presence of
other cytokines, and the microenvironment.67
Progress in this area of research is important as
it should lead to the development of agents that
have the potential to block lung collagen
production at the molecular level.

Collagen degradation
Reduced degradation of collagen may also lead
to an increase in lung collagen content. Regula-
tion of this process occurs. at intracellular and
extracellular sites.

INTRACELLULAR MECHANISMS
Over the last 30 years two independent lines of
evidence have suggested the existence of path-
ways by which newly synthesised procollagens
are rapidly degraded in vivo. Firstly, experi-
ments by Jackson and Bentley'07 and by Nimni
and coworkers"'° indicate that procollagen
turnover is most rapid for collagens soluble in
solutions of low ionic strength (that is, those
most recently synthesised). Secondly, ex-
periments by Barnes and coworkers'09 show the
rapid appearance of radiolabelled hydroxy-
proline after the injection of radiolabelled
proline into guinea pigs. As hydroxylation of
proline occurs as a post-translation event dur-
ing procollagen synthesis, this observation sug-
gests that the radiolabelled hydroxyproline is
derived from the degradation of a larger sub-
strate molecule. Bienkowski and coworkers"0
consider that the substrate is most likely to be
procollagen and that degradation occurs intra-
cellularly by proteases located in the endo-
plasmic reticulum or Golgi apparatus."'

Rates of intracellular degradation of pro-
collagen are known to increase in response to
agents that inhibit the hydroxylation of
proline."2 This "enhanced degradation,"
defined by Bienkowski"' as an increase above
basal concentrations, can be blocked by
inhibitors of lysosomal proteases and by col-
chicine. It can also be increased by PGE2 and
epidermal growth factor,"13 and this represents
a potential site at which procollagen may be
regulated.

EXTRACELLULAR MECHANISMS
The extracellular degradation of collagen is
thought to result largely from the action of
neutral proteases. Fibroblasts actively produce
collagenase, gelatinase, and stromelysin,
enzymes that cleave collagen or its breakdown
products."' Leucocytes also produce collagen-
ases, which may contribute to remodelling of
lung extracellular matrix in disease states.

Neutrophil collagenase, a metalloproteinase
found preformed in neutrophil specific gran-
ules, is one such protease. It is produced in
latent form and activated extracellularly. It
cleaves collagens type I, II, and III but has the
greatest activity against type I."' Neutrophils

L~VmPh c wles * MastLymphocytes Mast/el
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also possess a gelatinase capable of degrading
collagen. 6 Macrophages secrete both
collagenase and stromelysin and these have
properties identical to those of the enzymes

produced by fibroblasts. They also produce a

gelatinase that is immunologically identical to
neutrophil gelatinase. In the circulation
collagenases are inhibited by x2 macroglobulin
and #f anticollagenase and in tissues by the
tissue inhibitor of metalloproteinases. The lat-
ter is produced by fibroblasts"7 and represents
another site at which collagen deposition could
be regulated.
The relevance of changes in rates of collagen

degradation to the pathogenesis of pulmonary
fibrosis has received relatively little attention. It
has been reported that a reduction in the
degradation ofnewly synthesised collagen con-
tributes to the development of bleomycin in-
duced pulmonary fibrosis in rabbits."8 There is
also evidence that the increase in procollagen
production induced by TGF-,B in rat fetal
fibroblasts is associated with a reduction in the
rate at which newly synthesised procollagen is
degraded. l'

Role ofepithelial and endothelial barriers
As described earlier in this review, injury to
pulmonary endothelial and epithelial cells is
known to occur in pulmonary fibrosis. It has
been proposed that epithelial cells normally
release inhibitory mediators such as PGE2
(which inhibit fibroblast proliferation and
collagen production) and that epithelial cell
loss results in an imbalance of mediators and a

shift towards fibroblast activation.6
Regenerating epithelial cells might also

produce platelet derived growth factor like
molecules with the capacity to stimulate
fibroblast proliferation (see above), and this
might be a further mechanism by which epi-
thelial injury contributes to interstitial fibrosis.
This hypothesis may also be relevant to sub-
epithelial fibrosis in asthmatic patients, in
whom bronchial epithelial cell loss is a charac-
teristic feature.'20

It is increasingly recognised that the endo-
thelial cell produces mediators that may
interact with mesenchymal cells and connective
tissue beneath its basement membrane. These
include heparin binding growth factors,
platelet derived growth factor, TGF-/3,'2' and
endothelin, which, in addition to regulating
vasomotor tone, may have important effects on
mesenchymal cell proliferation and fibrosis.
The association between increased pulmo-

nary vascular permeability and pulmonary
fibrosis raises the possibility that proteins
derived from the circulation may activate lung
fibroblasts. Fibrin deposits are observed to
cover bare epithelial basement membrane in
patients with fibrosing alveolitis and systemic
sclerosis.6 '4 This provides circumstantial
evidence that thrombin has initiated the
polymerisation of fibrinogen molecules in the
alveolar space, with the consequent release of
fibrinopeptides A and B and other soluble
products of clot formation. Thrombin has been
reported to initiate fibroblast cell division,'22 to

stimulate human lung fibroblast proliferation in
vitro,'23 and to enhance lung fibroblast
proliferation in bleomycin induced pulmonary
fibrosis in animals.'24 Fibrin can act as a matrix
on which fibroblasts may grow'25 and the solu-
ble products of clot formation are known to act
as chemoattractants for fibroblasts'26 and to
stimulate human lung fibroblast prolifera-
tion. 123 Characterised growth factors for
fibroblasts, such as fibronectin, platelet derived
growth factor, and IGF-1, are all present in
blood and are known to be partly responsible
for the stimulatory effects ofserum on fibroblast
proliferation and collagen production.'27
Taken together, these data provide compel-

ling evidence that pulmonary vascular leakage
of proteins may activate lung fibroblasts and
initiate deposition of collagen in the lung
interstitium.

The fibroblast as an effector cell
Lung fibroblasts are not simply target cells that
respond to inflammatory mediators in their
environment. They are increasingly recognised
as effector cells in their own right.' Their
ability to produce fibronectin and an IGF- 1 like
molecule was discussed earlier in this article.
They also secrete PGE2, which has potent
paracrine and autocrine effects inhibiting
fibroblast proliferation and collagen syn-
thesis. 129 There is also evidence that fibroblasts
can amplify the production of mediators
produced by other cells. Lung fibroblasts are
capable of secreting IL-1 in response to the
synergistic actions of IL-I and TNFx.'30 Thus
the production of IL-1 by fibroblasts may
represent an amplification mechanism for this
inflammatory mediator that can stimulate
fibroblast collagen production."

Fibroblasts also produce IL-6, also called
interleukin /2, which stimulates lymphocyte
proliferation and induces release of acute phase
proteins from the liver.'3' Possibly therefore
IL-6 secreted by lung fibroblasts stimulates
lymphocyte proliferation in the lung and is
responsible, at least in part, for the systemic
symptoms of which patients with interstitial
lung disease frequently complain, particularly
in the early stages.
Human lung fibroblasts have also been

shown to spontaneously release granulocyte-
macrophage colony stimulating factor, which
enhances in vitro survival of eosinophils.'32
This suggests that they have the potential to
modulate the inflammatory cell population that
infiltrates the lung. Preliminary studies indicate
that rat lung fibroblasts are capable of produc-
ing both platelet derived growth factor like
molecules'33 and TGF-# analogues,'34 though
these observations have not yet been confirmed
in human lung fibroblast cell lines. Neverthe-
less, taken with the recent observation made
with immunohistochemical techniques that
human skin fibroblasts may stain positively for
TGF-f,,'35 these data indicate that in some
circumstances fibroblasts produce the very
mediators to which they have traditionally been
considered responders.
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Summary
It is over 25 years since Scadding' first defined
the term fibrosing alveolitis. It has since been
established that complex mechanisms underlie
its pathogenesis, including epithelial and
endothelial injury, vascular leakage, produc-
tion of inflammatory cells and their mediators,
and fibroblast activation. Only through a

detailed knowledge of how these cellular and
molecular events are interlinked will we learn
how to combat this disease, which is
notoriously resistant to present treatments.

So far the only therapeutic advances have
been refinements in immunosuppression, and
even these treatments are frequently dis-
appointing. We believe that future advances in
treatment will come from the development of
agents that protect endothelial and epithelial
cells from further injury and agents that can

inhibit release of inflammatory mediators. A
better knowledge of the mechanisms of col-
lagen gene activation and the biochemical path-
ways of collagen production may also allow the
identification of vulnerable sites at which new

treatments may be directed. A combined
approach to modifying appropriate parts of
both the inflammatory component and the
fibroblast/collagen component should provide a
new stimulus to research. Further epidemio-
logical studies are also needed to identify the
environmental causes of lung injury that
initiate the cascade of events leading to inter-
stitial fibrosis.

1 Scadding JG. Fibrosing alveolitis. BMJ 1964;ii:686.
2 Turner-Warwick M. Immunology of the lung. London:

Arnold, 1978:165.
3 du Bois RM. Cryptogenic fibrosing alveolitis. In: Brewis

RAL, Gibson GJ, Geddes DM, eds. Respiratory
medicine. London: Bailliere Tindall, 1990:1088.

4 Johnston I, Britton J, Kinnear W, Logan R. Rising
mortality from cryptogenic fibrosing alveolitis. BMJ
1990;301:1017-21.

5 McCullough B, Collins JF. Bleomycin-induced diffuse
interstitial pulmonary fibrosis in baboons. J Clin Invest
1978;61:79-88.

6 Corrin B, Dewar A, Rodriguez-Rogin R, Turner-Warwick
M. Fine structural changes in cryptogenic fibrosing
alveolitis and asbestosis. J Pathol 1985;147:107-19.

7 Rinaldo JE, Rogers RM. Adult respiratory distress syn-
drome. N Engl J Med 1986;315:578-9.

8 Vergnon JM, De The G, Weynants P, Vincent M, Mornex
JF, Brune J. Fibrosing alveolitis and Epstein-Barr virus:
an association? Lancet 1984;ii:768-7 1.

9 Scott J, Johnston I, Britton J. What causes cryptogenic
fibrosing alveolitis? A case-control study of environ-
mental exposure to dust. BMJ 1990;301:1015-7.

10 Burkhardt A, Cottier H. Cellular events in alveolitis and the
evolution of pulmonary fibrosis. Virchows Arch B Cell
Pathol 1989;58:1-13.

1i1 Terzaghi M, Nettesheim P, Williams ML. Repopulation of
denuded tracheal grafts with normal, preneoplastic and
neoplastic epithelial cell populations. Cancer Res 1978;
38:4546-53.

12 Haschek WM, Witschi H. Pulmonary fibrosis-a possible
mechanism. 7oxicol Appl Pharmacol 1979;51:475-87.

13 Paine R, Mody CH, Chavis A, Spahr MA, Turka LA,
Toews GB. Alveolar epithelial cells block lymphocyte
proliferation in vitro without inhibiting activation. Am J
Respir Cell Mol Biol 1991;5:221-9.

14 Harrison NK, Myers AR, Corrin B, et al. Structural
features of interstitial lung disease in systemic sclerosis.
Am Rev Respir Dis 1991;144:706-13.

15 Pober JS, Cotran RS. The role of endothelial cells in
inflammation. Transplantation 1990;50:537-44.

16 Wangensteen D, Yankovich R, Hoidal J, Niewoehner D.

Bleomycin induced changes in pulmonary microvascular
albumin permeability and extravascular space. Am Rev

Respir Dis 1983;127:204-8.
17 Hay JG, Haslam PL, Staple LH, Laurent GJ. Role of iron

and oxygen in bleomycin-induced pulmonary edema.
Adv Microcirc 1987;13:239-55.

18 Harrison NK, Glanville AR, Strickland B, et al. Pulmonary

involvement in systemic sclerosis: the detection of early
changes by thin section CTI scan, bronchoalveolar lavage
and 99mTc DTPA clearance. Respir Med 1989;83:
403-14.

19 Haslam P, Turton CWG, Heard B, et al. Bronchoaolveolar
lavage in pulmonary fibrosis: comparison of cells obtained
with lung biopsy and clinical features. 7horax 1980;35:
9-18.

20 Pober JS. Cytokine-mediated activation of vascular
endothelium. Am J Pathol 1988;133:426-33.

21 Weiss SJ. Tissue destruction by neutrophils. N Erigi J Med
1 989;320:365-76.

22 Ward PA. Overview of the processes of cellular injury in
interstitial lung disease. Chest 1991;100:230-2.

23 Borok Z, Buhl R, Grimes GJ, et al. Effects of glutathione
aerosol on oxidant-antioxidant imbalance in idiopathic
pulmonary fibrosis. Lancet 1991;338:215-6.

24 Cantin AM, Hubbard RC, Crystal RG. Glutathione
deficiency in the epithelial lining fluid of the lower
respiratory tract in idiopathic pulmonary fibrosis. Am Rev
Respir Dis 1989;139:370-2.

25 Rossi GA, Bitterman PB, Rennard SI, Crystal RG.
Evidence for chronic inflammation as a component of the
interstitial lung disease associated with progressive sys-
temic sclerosis. Am Rev Respir Dis 1985;131:612-7.

26 Rudd RM, Haslam PL, Turner-Warwick M. Cryptogenic
fibrosing alveolitis: relationship ofpulmonary physiology
and bronchoalveolar lavage to response to treatment and
prognosis. Am Rev Respir Dis 1981;124:1-8.

27 Haslam PL, Turton CWG, Lukoszek A, et al. Broncho-
alveolar lavage fluid cell counts in cryptogenic fibrosing
alveolitis and their relation to therapy. 7horax 1980;
35:328-39.

28 Turner-Warwick M, Haslam PL. The value of serial
bronchoalveolar lavages in assessing the clinical progress
of patients with cryptogenic fibrosing alveolitis. Am Rev
Respir Dis 1987;135:26-34.

29 Gadek JE, Kelman JA, Fells G, et al. Collagenase in the
lower respiratory tract of patients with idiopathic pul-
monary fibrosis. N Engl J Med 1979;301:737-42.

30 Nettlebladt 0, Bergh J, Schenhom M, Iengblad A,
Hallgren R. Accumulation of hyaluronic acid in the
alveolar interstitial tissue in bleomycin-induced
alveolitis. Am Rev Respir Dis 1989;139:759-62.

31 Allan JN, Davies WB, Pacht ER. Diagnostic significance of
increased bronchoalveolar lavage fluid eosinophilis. Am
Rev Respir Dis 1991 ;42:642-7.

32 Hoidal JR. The eosinophil and acute lung injury. Am Rev
Respir Dis 1990;142:1245-6.

33 Haslam PL, Dewar A, Turner-Warwick M. Lavage eosino-
phils and histamine. In: Cumming G, Bonsignore G, eds.
Cellular biology of the lung. New York: Plenum, 1981:
77-94.

34 Haslam PL. Evaluation of alveolitis by studies of lung
biopsies. Lung 1990;168(suppl):984-92.

35 Haslam PL, Cromwell 0, Dewar A, Turner-Warwick M.
Evidence of increased histamine levels in lung lavage
fluids from patients with cryptogenic fibrosing alveolitis.
Clin Exp Immunol 1981;44:587-93.

36 Walls AF, Bennett AR, Godfrey RC, Holgate ST, Church
MK. Mast cell tryptase and histamine concentrations in
bronchoalveolar lavage fluid from patients with inter-
stitial lung disease. Clin Sci 1991;81:183-8.

37 Jordana M, Befus AD, Newhouse MT, Bienenstock J,
Gauldie J. Effect of histamine on proliferation of normal
human adult lung fibroblasts. Thorax 1988;43:552-8.

38 Heard BE, Dewar A, Corrin B. Apposition of fibroblasts to
mast cells and lymphocytes in normal human lung and in
cryptogenic fibrosing alveolitis. Ultrastructure and cell
perimeter measurements. J Pathol 1992;166:303-10.

39 Dayton ET, Caulfield JP, HeinA, Austen KF, Stevens RL.
Regulation of the growth rate ofmouse fibroblasts by IL-
3-activated mouse bone marrow-derived mast cells.
J Immunol 1989;142:4307-13.

40 Roche WR. Mast cells and tumours. The specific en-
hancement of tumor proliferation in vitro. Am J Pathol
1985;1 19:57-64.

41 Fine A, Goldstein RH. l1he effect of transforming growth
factor-beta on cell proliferation and collagen formation
by lung fibroblasts. J Biol Chem 1987;262:3897-902.

42 Djukanovic R, Roche WR, Wilson JW, et al. Mucosal
inflammation in asthma. Am Rev Respir Di's 1990;142:
434-57.

43 Claman HN. On scleroderma: mast cells, endothelial cells
and fibroblasts. JAMA 1989;262:1206-9.

44 Mori H, Kawada K, Zhang P, Uesugi Y, Sakamoto 0,
Koda A. Bleomycin-induced pulmonary fibrosis in gene-
tically mast cell-deficient WBB6FI-W/Wv mice and
mechanism of the suppressive effect of tranilast, an
antiallergic drug inhibiting mediator release from mast
cells, on fibrosis. Int Arch Allergy AppI Immunol 1991;
95:195-201.

45 Campbell DA, Pouleter LW, du Bois RM. Phenotypic
analysis of alveolar macrophages in normal subjects and
in patients with interstitial lung discasc. Thorax 1986;
41:429-34.

46 Campbell DA, Pulter LW, du Bois RM. Immuno-
competcnt cells in bronchoalveolar lavage reflect the cell

1072



Lung injury, inflammatory mediators, andfibroblast activation infibrosing alveolitis

populations in transbronchial biopsies in pulmonary
sarcoidosis. Am Rev Respir Dis 1985;132:1300-6.

47 Merrill WW, Naegel GP, Matthay RA, Reynolds HY.
Alveolar macrophage derived chemotactic factor.
Kenetics of in vitro production and partial characteriza-
tion. J Clin Invest 1980;65:268-76.

48 Carre PC, Mortenson RL, King TE, Noble PW, Sable CL,
Riches DWH. Overexpression of the interleukin 8 gene
by alveolar macrophages from patients with idiopathic
pulmonary fibrosis [abstract]. Am Rev Respir Dis 1991;
143:A396.

49 Oppenheim JJ, Zachariae COC, Mukaida N, Matsushima
K. Properties of the novel proinflammatory supergene
"intercrine" cytokine family. Ann Rev Immunol 1991;9:
617-48.

50 Yoshimura TK, Matsushima K, Oppenheim JJ, Leonard
EJ. Neutrophil chemotactic factor produced by
lipopolysaccharide (LPS)-stimulated human blood
mononuclear leukocytes: Partial characterization and
separation from interleukin 1 (IL-1). J Immunol 1987;
139:788-93.

51 Schroeder JM, Sticherling M, Henicke HH, Preissner WC,
Christophers E. IL 1 or tumour necrosis factor stimulate
release of three NAP-i/IL-8-related neutrophil chemo-
tactic proteins in human dermal fibroblasts. J Immunol
1990;144:2223-32.

52 Nagai S, Aung H, Takeuchi M, Kusume K, Izumi T. IL-1
and IL-I inhibitory activity in the culture supernatants of
alveolar macrophages from patients with interstitial lung
diseases. Chest 1991;99:674-80.

53 Gosset P, Perez T, Lassalle P, et al. Increased TNF
secretion by alveolar macrophages from patients with
rheumatoid arthritis. Am Rev Respir Dis 1991;143:
593-7.

54 Schollmeier K. Immunologic and pathophysiologic role of
tumour necrosis factor. Am J Respir Cell Mol Biol
1990;3:11-2.

55 Tumer-Warwick M, Doniach D. Autoantibody studies in
interstitial pulmonary fibrosis. BMJ 1965;1:886-91.

56 Hobbs JR, Turner-Warwick M. Assay of circulating
immunoglobulins in patients with fibrosing alveolitis.
Clin Exp Immunol 1967;2:645-52.

57 Dreisin RB, Schwarz MI, Theofilopoulos AN, Stanford
RE. Circulating immune complexes in the idiopathic
interstitial pneumonias. N Engl J Med 1978;298:353-7.

58 Dall'Aglio PP, Pesci A, Bertorelli G, Brianti E, Scarpa S.
Study of immune complexes in bronchoalveolar lavage
fluids. Respiration 1988;54(suppl 1):36-41.

59 Turner-Warwick M, Haslam PL, Lukoszek A, et al. Cells,
enzymes and interstitial lung disease. The Philip ElIman
lecture. J R Coll Physicians London 1981;15:5-16.

60 Kradin RL, Divertie MB, Colvin RB. Usual interstitial
pneumonitis is a T-cell alveolitis. Immunol Immunopathol
1986;40:224-35.

61 Wells AU, LorimerS, Jeffery PK, et al. Fibrosing alveolitis
associated with systemic sclerosis is characterised by
presence of antigen primed T-cells in the lung inter-
stitium [abstract]. Am Rev Respir Dis 1992;145:A466.

62 Robinson BW, Rose AH. Pulmonary gamma interferon
production in patients with fibrosing alveolitis. Thorax
1990;45: 105-8.

63 Schrier DJ, Phan SH. Modulation of bleomycin-induced
pulmonary fibrosis in the BALB/c mouse by cyclophos-
phamide-sensitive T cells. Am J Pathol 1984;116:270-8.

64 Campbell DA, Poulter LW, Janossy G, du Bois RM.
Immunohistological analysis of lung tissue from patients
with cryptogenic fibrosing alveolitis suggesting local
expression of immune hypersensitivity. Thorax 1985;40:
405-11.

65 Weinberger SE, Kelman JA, Elson NA, et al. Broncho-
alveolar lavage in interstitial lung disease. Ann Intern
Med 1978;89:459-66.

66 Emura M, NagaiS, Takeuchi M, Kitaichi M, Izumi T. In
vitro production of B-cell growth factor and B-cell
differentiation factor by peripheral blood mononuclear
cells and bronchoalveolar lavage T lymphocytes from
patients with idiopathic pulmonary fibrosis. Clin Exp
Immunol 1990;82:133-9.

67 Elias JA, Freundlich B, Kern JA, Rosenbloom J. Cytokine
networks in the regulation of inflammation and fibrosis in
the lung. Chest 1990;97:1437-45.

68 Harrison NK, Laurent GJ. Lung collagen metabolism: the
link between inflammation and pulmonary fibrosis. In:
Lama M, Barrios R, eds. Interstitial pulmonary diseases.
Boca Raton: CRC Press, 1991:47-75.

69 Laurent GJ. Regulation of lung collagen production during
wound healing. Chest 1991;99:67-9S.

70 Bassett F, Soler P. Connective tissue in pulmonary alveolar
damage and repair. Bull Finjl Longafw 1987;12:68-72.

71 Bitterman PB, Rennard SI, Hunninghake GW, Crystal
RG. Human alveolar macrophage growth factor for
fibroblasts: regulation and partial characterisation. J Clin
Invest 1982;70:806-22.

72 McIntosh JR, Koonce MP. Mitosis. Science 1989;249:622.
73 Rennard SI, Hunninghake GW, Gadek JE, Fales H,

Crystal RG. Production of fibronectin by human alveolar
macrophages: mechanism for recruitmentoffibroblasts to
sites of tissue injury in interstitial lung disease. Proc Natl

Acad Sci USA 1981;78:7147-51.
74 Rom WN, Basset P, Fells GA, Nukiwa T, Trapnell BC,

Crystal RG. Alveolar macrophages release an insulin-like
growth factor 1-type molecule. J Clin Invest 1988;82:
1685-93.

75 Fava RA, McClure DB. Fibronectin-associated transform-
ing growth factor. J Cell Physiol 1987;131:184-9.

76 Mann DM, McKeown-Longo PJ, Mills AJ. Binding of
soluble fibronectin and its subsequent incorporation into
the extracellular matrix by early and late passage human
skin fibroblasts. J Biol Chem 1988;263:2756-60.

77 Hayashi M, Yamada KM. Differences in domain structures
between plasma and cellular fibronectin. J Biol Chem
1981;256:1 1292-300.

78 Marinelli WA, Polunovsky VA, Harmon KR, Bitterman
PB. Role of platelet-derived growth factor in pulmonary
fibrosis. Am J Respir Cell Molec Biol 1991;5:503-4.

79 Martinet Y, Rom WN, Grotendorst GR, Martin GR,
Crystal RG. Exaggerated spontaneous release ofplatelet-
derived growth factor by alveolar macrophages from
patients with idiopathic pulmonary fibrosis. N Engl J
Med 1987;317:202-9.

80 Bonner JC, Osorniovargas AR, Badgett A, Brody AR.
Differential proliferationofrat lungfibroblasts inducedby
the platelet-derived growth factor-AA, factor-AB, and
factor-BB isoforms secreted by rat alveolar macrophages.
Am J Respir Cell Molec Biol 1991;5:539-47.

81 Vignaud JM, Allan M, Martinet N, Pech M, Plenat F,
Martinet Y. Presence of platelet-derived growth factor in
normal and fibrotic lung is specifically associated with
interstitial macrophages, while both interstitial macro-
phages and alveolar epithelial cells express the C-SIS
proto-oncogene. Am J Respir Cell Molec Biol 1991;5:
531-8.

82 Antoniades HN, Bravo MA, Avila RE, Galanopoulos T,
Selman M, Lama M. Platelet-derived growth factor in
idiopathic pulmonary fibrosis. J Clin Invest 1991;86:
1055-64.

83 Goldstein RH, Poliks CF, Pilch PF, Smith BD, Fine A.
Stimulation of collagen formation by insulin and insulin-
like growth factor 1 in cultures ofhuman lung fibroblasts.
Endocrinology 1989;124:964-70.

84 Scott CD, Martin JL, Baxter RC. Production of insulin-
like growth factor 1 and its binding protein by adult rat
hepatocytes in primary culture. Endocrinology 1985;1 16:
1094-105.

85 Stiles AD, Moats-Staats BM. Production and action of
insulin-like growth factor 1 /somatomedin C in primary
cultures of fetal lung fibroblasts. Am J Respir Cell Mol
Biol 1989;1:21-6.

86 Selman M, Gonzalez G, Bravo M, et al. Effect of lung T
lymphocytes on fibroblasts in idiopathic pulmonary
fibrosis and extrinsic allergic alveolitis. Thorax 1991;
45:451-5.

87 Cathcart MK, Edmur LI, Ahtiala-Stewart K, Ahmad M.
Excessive helper T-cell function in patients with
idiopathic pulmonary fibrosis: correlation with disease
activity. Clin Immunol Immunopathol 1987;43:382-94.

88 Cantin AM, Boileau R, Begin R. Increased procollagen 11l
aminoterminal peptide-related antigens and fibroblast
growth signals in the lungs of patients with idiopathic
pulmonary fibrosis. Am Rev Respir Dis 1988;137:572-8.

89 Jordana M, Schulman J, McSharry C, et al. Heterogeneous
proliferative characteristics of human adult lung
fibroblast lines and clonally-derived fibroblasts from con-
trol and fibrotic human lung. Am Rev Respir Dis
1988;138:579-84.

90 Raghu G, Chen Y, Rusch V, Rabinovitch PS. Differential
proliferation of fibroblasts cultured from normal and
fibrotic lungs. Am Rev Respir Dis 1988;138:703-8.

91 Uitto J, Prockop DJ. Incorporation of proline analogues
into collagen polypeptides: effects on the production of
extracellular procollagen and on the stability of the triple
helical structure of the molecule. Biochem Biophys Acta
1974;336:234-5 1.

92 Gunzler V, Hanauske-Abel HM, Kaska DD, Hanauska A,
Kivirikko KI. Syncatalytic inactivation of prolyl-4-
hydroxylase by anthracyclines. Biochem J 1988;251:
365-72.

93 Lawrence WT, Norton JA, Harvey AK, Gorschboth CM,
Talbot CM, Grotendorst GR. Doxorubicin-induced
impairment of wound healing in rats. J Natl Cancer Inst
1986;76: 119-26.

94 Miyahara M, Nijeha FK, Prockop DJ. Formation of
collagen fibrils in vitro by cleavage of procollagens with
procollagen proteinases. J Biol Chem 1982;257:8442-8.

95 Weistner M, Kreig T, Horlein D, Glanville RW, Fietzek P,
Muller PK. Inhibitory effect of procollagen peptides on
collagen biosynthesis in fibroblast cultures. J Biol Chem
1979;254:7016-23.

96 Risteli L, Risteli J. Radioimmunoassays for monitoring
connective tissue metabolism. Rheumatology 1986;10:
216-45.

97 Low RB, Cutroneo KR, Davis GS, Giancola BS. Lavage
type III procollagen N-terminal peptides in human
pulmonary fibrosis and sarcoidosis. Lab Invest 1983;
48:755-9.

98 Derynk R, Jarrett JA, Chen EY, et al. Human transforming

1073



Sheppard, Harrison

growth factor-beta cDNA sequence and expression in
tumour cell lines. Nature 1985;318:66-9.

99 Ignotz RA, Massague J. Transforming growth factor-B
stimulates expression offibronectin and collagen and their
incorporation into the extracellular matrix. J Biol Chem
1986;261 :4337-45.

100 Overall CM, Wrana JL, Sodek J. Independent regulation
of collagenase, 72 kDa progelatinase and metallo-
proteinase inhibitor expression in human fibroblasts by
transforming growth factor-beta. J Biol Chem 1989;264:
1860-9.

101 Khalil N, O'Conner RN, Unruh HW, et al. Increased
production and immunohistochemical localization of
transforming growth factor-B in idiopathic pulmonary
fibrosis. Am J Respir Cell Mol Biol 1991;5:155-62.

102 Raghu G, Mastra S, Meyers D, Narayan AS. Collagen
synthesis by normal and fibrotic lung fibroblasts and the
effect oftransforming growth factor-B. AmRev Respir Dis
1989;140:95-100.

103 Harrison NK, Argent AC, McAnulty RJ, Black CM,
Corrin B, Laurent GJ. Collagen synthesis and degrada-
tion by systemic sclerosis lung fibroblasts: responses to
TGF-B. Chest 1991;99:S71-2.

104 Goldring MB, Krane SM. Modulation by recombinant
interleukin 1 of synthesis of types I and III collagens and
associated procollagen mRNA levels in cultured human
cells. J Biol Chem 1987;262:16724-9.

105 Rosenbloom J, Feldman G, Freundlich B, Jimenez SA.
Transcriptional control of human diploid fibroblasts
collagen synthesis by gamma-interferon. Biochem
Biophys Res Commun 1984;123:365-72.

106 Czaja MJ, Weiner FR, Eghbali M, Giambrone MA, Zern
MA. Differential effects ofgamma interferon on collagen
and fibronectin gene expression. J Biol Chem 1987;262:
3348-51.

107 Jackson DS, Bentley JP. On the significance of the extract-
able collagens. J Biophys Biochem Cytol 1960;7:37-42.

108 Nimni ME, De Guia E, Bavetta LA. Synthesis and
turnover of collagen precursors in rabbit skin. Biochem J
1967;102:143-7.

109 Bames MJ, Constable BJ, Morton LF, Kodicek E. Studies
in vivo on the biosynthesis of collagen and elastin in
ascorbic acid-deficient guinea pigs. Biochem J 1970;1 19:
575-85.

110 Bienkowski RS, Baum BJ, Crystal RG. Fibroblasts degrade
newly-synthesised collagen within the cells before it is
secreted. Nature 1978;276:413-6.

111 Bienkowski RS. Intracellular degradation of newly-
synthesised collagen. Collagen Relat Res 1984;4:399-412.

112 Jimenez SA, Yankowski R. Secretion of unhydroxylated
chick tendon procollagen. Biochem Biophys Res Commun
1975;67:335-40.

113 Baum BJ, Moss J, Breul SD, Berg RA, Crystal RG. Effectof
cyclic AMP on the intracellular degradation of newly
synthesized collagen. J Biol Chem 1980;255:2843-7.

114 Sakamoto S, Sakamoto M. Degradative processes of con-
nective tissue proteins with special emphasis on col-
lagenolysis and bone resorption. Mol Aspects Med 1988;
10:299-428.

115 Hasty KA, Jeffrey JJ, Hibbs MS, Welqus HG. The collagen
substrate specificity of human neutrophil collagenase.
J Biol Chem 1987;262:10048-52.

116 Murphy G, Bretz U, Bagguikubu M, Reynolds JJ. The
latent collagenase and gelatinase ofhuman polymorpho-
nuclear leucocytes. Biochem J 1980;192:517-25.

117 Harris ED, Welgus HG, Krane SM. Regulation of the
mammalian collagenases. Collagen Rel Res 1984;4:
493-512.

118 Laurent GJ, McAnulty RJ. Protein metabolism during
bleomycin-induced pulmonary fibrosis in rabbits. Am
Rev Respir Dis 1983;128:82-8.

119 McAnulty RJ, Campa JS, Cambrey AD, Laurent GJ. The
effect of transforming growth factor B on rates of
procollagen synthesis and degradation in vitro. Biochem
Biophys Acta 1991;1091:231-5.

120 Roche WR, Beasley R, Williams J, Holgate ST. Subepi-
thelial fibrosis in the bronchi of asthmatics. Lancet
1989;i:520-4.

121 Kahaleh MB. Vascular disease in scleroderma. Rheum Dis
Clin North Am 1990;16:53-73.

122 Glen KC, Carney DH, Fenton JWI, Cunningham DD.
Thrombin active site regions required for fibroblast
receptor binding and initiation of cell division. J Biol
Chem 1980;25:6609-16.

123 Gray AJ, Reeves JT, Harrison NK, Winlove P, Laurent
GJ. Growth factors for human fibroblasts in the solute
remaining after clot formation. J Cell Sci 1990;96:271-4.

124 Tani K, Yasuoka S, Ogushi F, et al. Thrombin enhances
lung fibroblast proliferation in bleomycin-induced pul-
monary fibrosis. Am J Respir Cell Mol Biol 1991;5:34-40.

125 Brown LF, Dvorak AM, Dvorak HF. Leaky vessels, fibrin
deposition and fibrosis: a sequence of events common to
solid tumours and to many other types of disease. Am Rev
Respir Dis 1989;140:1104-7.

126 SeniorRM, SkogenWF, Griffith GL, WilnerGD. Effects of
fibrinogen derivatives upon the inflammatory response.
Studies with human fibrinogen peptide B. J Clin Invest
1986;77:1014-9.

127 Griffiths J. Serum and growth factors in cell culture
media-an introductory review. Develop Biol Standard
1987;66: 155-60.

128 Raghu G, Kavanagh T. The human lung fibroblast: a
multifaceted target and effector cell. In: Selman Lama M,
Barrios R, eds. Interstitial pulmonary diseases: selected
topics. Boca Raton: CRC Press, 1991:1-34.

129 Goldstein RH, Polger P. The effect and interaction of
bradykinin and prostaglandins on protein and collagen
production by lung fibroblasts. J Biol Chem 1982;257:
8630-3.

130 Elias J, Reynolds MM, Kotloff RM, Kern JA. Fibroblast
interleukin-1 beta synthesis: stimulation by recombinant
interleukin- 1 and tumour necrosis factor. Proc Natl Acad
Sci USA 1989;86:6171-5.

131 Gauldie J, Richards C, Harnish D, Lansdorp P, Baumann
H. Interferon beta 2/B-cell stimulatory factor type 2
shares identity with monocyte-derived hepatocyte-
stimulating factor and regulates the major acute phase
protein response in liver cells. Proc Natl Acad Sci USA
1987;84:725 1-5.

132 Vancheri C, Gauldie J, Bienenstock J, et al. Human lung
fibroblast-derived granulocyte-macrophage colony
stimulating factor (GM-CSF) mediates eosinophil
survival in vitro. Am J Respir Cell Mol Biol 1989;1:
289-95.

133 Fabisiak JP, Absher MP, Kelly P. Production of platelet-
derived growth factor (PDGF)-like cytokines by rat lung
fibroblasts in vitro [abstract]. Am Rev Respir Dis 1990;
141:A915.

134 Kelley J, Fabisiak JP, Absher M. Secretion oftransforming
growth factor-beta (TGF-beta) by lung fibroblasts
[abstract]. Am Rev Respir Dis 1990;141:A701.

135 Gruschwitz M, Muller PU, Sepp N, Hofer E, Fontana A,
Wick G. Transcription and expression of transforming
growth factor type beta in the skin ofprogressive systemic
sclerosis: a mediator of fibrosis? J Invest Dermatol 1990;
94:197-203.

1074


