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The clinical course of patients with acute lung
injury (ALI) or acute respiratory distress syndrome
(ARDS) is variable and influenced by different fac-
tors. One of the most important mechanisms that
determines the severity of lung injury is the mag-
nitude of injury to the alveolar epithelial barrier
[1]. The possibility of repairing the epithelial in-
jury at an early stage is a major determinant of re-
covery. Specific treatments to accelerate alveolar
epithelial repair do not exist, although progress in
studies with experimental models of ALI suggests
that specific treatment may be possible in the fu-
ture [2]. Most of the treatment modalities tested
recently were based on diminution of the inflam-
matory response in the lung in order to minimise
the initial injury. However, an alternative thera-
peutic approach is to accelerate the repair process
in the alveolar epithelium in the early stages of

ALI/ARDS, to enhance the resolution of pul-
monary oedema and improve outcomes in these
patients. Little is known at present about the cel-
lular and molecular mechanisms of alveolar ep-
ithelial repair in ALI/ARDS. In particular, soluble
mediators which play a key role in alveolar epithe-
lial repair in ALI/ARDS patients must be identi-
fied and characterised if novel therapeutic strate-
gies are to be developed. The effects on alveolar
epithelial wound repair of undiluted pulmonary
oedema fluid obtained from patients at different
stages of ALI/ARDS were recently studied in a
translational approach using an in vitro epithelial
wound repair model with human alveolar epithe-
lial-like A549 cells and primary alveolar type II ep-
ithelial cells from rat lungs [3–5]. The purpose of
the present paper is to summarise the results of
these studies.

In patients with acute lung injury (ALI) or
acute respiratory distress syndrome (ARDS), ex-
tensive damage to the alveolar epithelial and en-
dothelial barrier is observed, resulting in the influx
of protein-rich oedema fluid into the air spaces.
Efficient alveolar epithelial repair is crucial to
ALI/ARDS patients’ recovery. Future therapeutic
strategies may therefore include acceleration of
the epithelial repair process in the injured lung.
However, a better understanding of the cellular
and molecular mechanisms that promote alveolar
epithelial repair is needed if novel therapeutic
strategies are to be developed. Pulmonary oedema
fluid from patients with ALI/ARDS and from pa-
tients with hydrostatic oedema as control was ob-
tained, and the effect on alveolar epithelial repair
in vitro using our alveolar epithelial wound repair
bioassay was studied. In contrast to the initial
hypothesis, pulmonary oedema fluid from ALI/
ARDS patients increased alveolar epithelial repair

in vitro by an interleukin-1b (IL-1b)-dependent
mechanism, demonstrating a novel, possibly ben-
eficial role for IL-1b in patients with ALI/ARDS.
Further studies using primary alveolar epithelial
cells from rats revealed that IL-1b induced alveo-
lar epithelial repair by an epidermal growth factor
(EGF)/transforming growth factor-a (TGF-a)-
dependent pathway. Besides EGF and TGF-a,
keratinocyte growth factor (KGF) and hepatocyte
growth factor (HGF) – both present in pulmonary
oedema fluid obtained from patients with ALI/
ARDS – stimulate alveolar epithelial repair in vitro.
Further experimental and clinical studies will show
whether acceleration of alveolar epithelial repair
by modulating cytokines and growth factors in the
injured lung represents a promising new thera-
peutic strategy in patients with ALI/ARDS. 
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The normal alveolar barrier is composed of
three different structures: (1) the capillary en-
dothelium, (2) the interstitial space including the
basement membrane and the extracellular matrix,
and (3) the alveolar epithelium. The alveolar ep-
ithelium consists of alveolar type I and alveolar
type II cells. The flat alveolar type I cells line more
than 90% of the alveolar surface area. The atten-
uated cytoplasm provides for close approximation
of the alveolar lumen and the bloodstream, opti-
mising the exchange of respiratory gases. The
cuboidal alveolar type II cells are multifunctional
cells. They produce surfactant, are important for

active alveolar liquid clearance, and represent the
progenitor cells which regenerate the alveolar ep-
ithelium after injury [6]. Under normal conditions
the epithelial barrier is much less permeable than
the endothelial barrier and prevents cells and
plasma from flooding the air spaces, thereby main-
taining normal gas exchange [7]. Several studies
have demonstrated the critical importance of the
alveolar epithelium in the pathogenesis of and re-
covery from severe ALI/ARDS. Efficient alveolar
epithelial repair is therefore crucial for ALI/ARDS
patients’ recovery.

Injury to the alveolar epithelium in acute lung injury

Pathology of ALI/ARDS

Diffuse alveolar damage is a hallmark of pa-
tients with ALI/ARDS, whether the latter is caused
directly (e.g. pneumonia or acid aspiration) or in-
directly (e.g. sepsis or severe trauma). In histolog-
ical sections from patients dying of ALI/ARDS,
the first lesions appear to be interstitial oedema,
followed by severe alveolar epithelial damage [8].

The alveolar epithelium usually exhibits extensive
necrosis of alveolar type I cells, leaving a denuded,
but mainly intact, basement membrane with over-
lying hyaline membranes. The type I alveolar ep-
ithelial cell is highly vulnerable to injury, whereas
the alveolar type II cell is more resistant and can
therefore function as a progenitor cell for regen-
eration of the alveolar epithelium after injury. The
loss of the alveolar epithelium’s integrity has sev-
eral pathological and functional consequences:
there is an influx of protein-rich oedema fluid into
the air spaces, with deposition of hyaline mem-
branes on the denuded basement membranes. 

Hyperplastic alveolar type II cells typify the
proliferative phase of ALI/ARDS. Alveolar type II
cells migrate and begin to proliferate along the
alveolar septa, in an attempt to cover the denuded
basement membrane and re-establish the alveolar
epithelium’s continuity (Figure 1). Within the
alveolar wall, fibroblasts proliferate and migrate
through the basement membrane into the fibri-
nous intra-alveolar exudate. If the fibrinous exu-
dates can be resolved, restoration of normal lung
architecture may be achieved. However, if alveolar
type II cells migrate over the surface of the organ-
izing granulation tissue and thereby transform the
intra-alveolar exudate into interstitial tissue, inter-
stitial fibrosis of the lung may develop. 

It is not known what factors determine
whether pulmonary fibrosis or restoration of the
normal pulmonary architecture occurs after
ALI/ARDS. Efficient alveolar epithelial repair
may reduce the development of fibrosis in animal
models, since the presence of an intact alveolar ep-
ithelial layer suppresses fibroblast proliferation
and matrix deposition [9]. Efficient restoration of
the alveolar epithelium in the early phase of
ALI/ARDS may therefore be a means not only of
speeding recovery by enhancing alveolar liquid
clearance, but also of preventing the development
of pulmonary fibrosis [2].

Figure 1

Electron microscopy
of an alveolar septum
of a patient  who
died  of ALI/ARDS in
the subacute, prolif-
erative phase. There
is evidence of re-ep-
ithelialisation of the
damaged epithelial
barrier with hyper-
plastic alveolar type
II cells, resulting in
coverage of the de-
nuded basement
membrane and  re-
establishment of the
continuity of the
alveolar epithelium.
The arrows indicate
typical alveolar type
II cells with microvilli
and lamellar bodies
containing surfac-
tant. Capillaries con-
taining erythrocytes
can be seen in the
interstitial space 
(by courtesy of 
M. + H. Bachofen).
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The epithelial repair process includes cell-cell
interactions and interactions between the alveolar
type II cell and the extracellular matrix which are
coordinated by a variety of soluble mediators re-
leased into the alveolar space during ALI/ARDS.
Many of them have been detected in elevated con-
centrations in bronchoalveolar lavage fluid from
ALI/ARDS patients [10]. However, although
bronchoalveolar lavage procedure is standardised,
the dilution factor may differ from patient to pa-
tient, rendering direct comparisons between pa-
tient groups difficult. Recently, to minimise the
risks involved in bronchoalveolar lavage in criti-
cally ill patients with ALI/ARDS, undiluted pul-
monary oedema fluid was obtained by direct suc-
tion through a wedged endotracheal catheter [11].
This safe procedure allows repeated drawing of
several mL of undiluted pulmonary oedema fluid
from the distal air space which can be used for fur-
ther evaluation in the laboratory. Cytokine con-

centrations are usually determined by means of en-
zyme-linked immunosorbent assays (ELISA) or
radioimmunoassays. These assays determine the
total immunoreactive content of the cytokine,
without providing any information regarding its
biological activity. Since naturally occurring spe-
cific inhibitors may also be increased in patients
with ALI/ARDS [12], the net biological activity of
a cytokine may well turn out to be less relevant
than was first thought. It is therefore crucial to sup-
plement immunoreactivity assays with standard-
ised bioassays serving to determine the biological
activity of clinical samples. We therefore further
developed an in vitro alveolar epithelial wound
repair assay that makes it possible to quantify the
epithelial repair activity of pulmonary oedema
fluid and plasma from patients with ALI/ARDS 
[4, 14]. As a control, pulmonary oedema fluid and
plasma from ventilated patients with hydrostatic
pulmonary oedema was used [4]. 

Repair of the alveolar epithelium in acute lung injury

Figure 2

An in vitro alveolar epithelial wound repair
model was established to determine the ep-
ithelial repair activity of pulmonary oedema
fluid and plasma from patients with ALI/ARDS.
Human alveolar epithelial-like cells were grown
to a monolayer and after mechanical wounding
the cells were incubated with pulmonary
oedema fluid from patients. As an example, the
effect on alveolar epithelial repair in vitro of
plasma (left panels) and pulmonary oedema
fluid (right panels) from a patient with
ALI/ARDS is shown at 0 and 24 hours after
incubation.

Pulmonary oedema fluid from patients with ALI/ARDS increases alveolar
epithelial repair in vitro by an IL-1b-dependent mechanism

Because of the extensive damage to the alveo-
lar epithelium in patients with ALI/ARDS, we ini-
tially formed the hypothesis that pulmonary
oedema fluid inhibits alveolar epithelial repair in
vitro. To test this, pulmonary oedema fluid or
plasma was added to a mechanically wounded
monolayer of alveolar epithelial cells and the rate
of wound closure over time was determined by
means of a digital imaging system connected to the
microscope and an appropiate image analysis soft-
ware (Figure 2). Surprisingly, alveolar epithelial
repair activity induced by pulmonary oedema fluid
from patients with ALI/ARDS was markedly in-
creased compared to plasma obtained from the
same patients or pulmonary oedema fluid from pa-
tients with hydrostatic oedema [4] (Figure 3).
These results indicate that biologically active me-
diators capable of enhancing alveolar epithelial re-
pair in vitro are released into the alveolar space in

patients with ALI/ARDS. The epithelial repair
process probably begins in the early phase of
ALI/ARDS, since pulmonary oedema fluid ob-
tained during the first 12 hours after intubation en-
hanced epithelial repair activity to a greater extent
than pulmonary oedema fluid obtained more than
12 hours after intubation. 

Since IL-1b was shown to be biologically
active in pulmonary oedema fluid in early
ALI/ARDS [13] and to be upregulated in skin
wounds, it seemed likely that this early response
cytokine mediates epithelial repair activity in pul-
monary oedema fluid from patients with
ALI/ARDS. Specific inhibition of IL-1b by IL-1
receptor antagonist (IL-1ra) significantly reduced
alveolar epithelial repair in vitro, whereas blocking
of TNF-a, another inflammatory early response
cytokine, had no effect, indicating that IL-1b me-
diated a major fraction of the enhanced in vitro



S W I S S  M E D  W K LY 2 0 0 3 ; 1 3 3 : 5 8 6 – 5 9 0 ·  w w w. s m w. c h 589

alveolar epithelial repair. This conclusion was sup-
ported by experiments with recombinant IL-1b
that showed a concentration-dependent increase
in alveolar epithelial repair in our in vitro wound
repair model using the human alveolar A549 ep-
ithelial cell line or freshly isolated rat alveolar type
II epithelial cells. Concentrations of IL-1b show-
ing significant alveolar epithelial repair in vitro
were in a similar range to the concentrations of 
IL-1b found in pulmonary oedema fluid from pa-
tients with ALI/ARDS, indicating that IL-1b may
contribute to repair of the alveolar epithelium in
early ALI/ARDS.

The clinical outcome in the ALI/ARDS pa-
tients was analysed retrospectively and a there was
a trend towards longer survival and shorter dura-
tion of mechanical ventilation in patients with
increased alveolar epithelial wound repair activity
induced by oedema fluid (L. Ware, unpublished
observation). These data suggest that the alveolar
epithelial repair activity of pulmonary oedema
fluid in vitro may have prognostic value, although
prospective studies of larger patient numbers are
needed.

Several mechanisms play a major role in alve-
olar epithelial repair in vivo and in vitro. Prolifera-
tion of alveolar type II cells is the most obvious and
easily measurable event in epithelial repair in vivo,
but takes one or two days to be significant [2].
Other mechanisms may therefore contribute to
early alveolar epithelial wound repair. In vitro stud-
ies in our alveolar epithelial wound repair model
using primary alveolar type II epithelial cells iso-
lated from rat lungs showed that cell spreading and
migration are primarily responsible for efficient
epithelial wound repair [3, 14]. Hence we may rea-
sonably speculate that in vivo cell spreading and
migration are the primary mechanisms during the
early phase of alveolar epithelial repair, followed
by cell proliferation leading to alveolar type II hy-
perplasia (Figure 1).
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The EGF/TGF-a pathway is involved in IL-1b-induced alveolar 
epithelial repair

There is increasing evidence that epidermal
growth factor (EGF), transforming growth fac-
tor-a TGF-a and their common receptor, epider-
mal growth factor receptor (EGFR), may regulate
epithelial repair in vivo and in vitro. TGF-a is ele-
vated in pulmonary oedema fluid from patients
with ALI/ARDS and has been shown to induce
alveolar epithelial repair in vitro [14]. We therefore
formed the hypothesis that the EGF/TGF-a
pathway may be involved in IL-1b-induced alveo-
lar epithelial repair. Neutralising antibodies to
EGF and TGF-a decreased IL-1b-induced alveo-
lar epithelial repair and blocking of the EGFR or

its intracellular signalling pathway by inhibitors of
the mitogen-activated protein kinase (MAPK)
pathway specifically inhibit the effect of IL-1b [3].
These data indicate that IL-1b enhances alveolar
epithelial repair in vitro by activating the epithelial
EGF/TGF-a pathway in an autocrine-paracrine
fashion. The EGF/TGF-a pathway would there-
fore offer an attractive new therapeutic target and
is being further studied in animal models with sev-
eral types of lung injury. However, the potential
value of TGF-a or EGF in patients with ALI/
ARDS has not yet been evaluated.

Keratinocyte growth factor and hepatocyte growth factor

Recent animal experiments suggest that ker-
atinocyte growth factor (KGF) and hepatocyte
growth factor (HGF) may also play a significant
role as new prophylactic or therapeutic agents in
lung injury. KGF is chiefly produced by fibroblasts
and has been shown to induce alveolar type II pro-
liferation in vitro [15] and in vivo [16]. Studies in
different lung injury models show a protective ef-

fect of KGF when given before inducing lung in-
jury [17, 18]. Elevated levels of KGF were found
to correlate with alveolar epithelial cell prolifera-
tion after bleomycin-induced lung injury in rats,
suggesting that the elevated levels of KGF may in-
duce efficient epithelial repair [19]. This hypoth-
esis is supported by our in vitro epithelial wound
healing studies showing that KGF increases alve-

Figure 3 

Effect of pulmonary
oedema fluid and
plasma from patients
with ALI/ARDS or hy-
drostatic pulmonary
oedema on alveolar
epithelial repair in
vitro. The epithelial
repair activity of pul-
monary oedema fluid
or plasma was deter-
mined for each sam-
ple using an in vitro
epithelial wound re-
pair assay with
human A549 alveolar
epithelial cells and
expressed as  the
percentage increase
of alveolar epithelial
repair compared to
pooled plasma from
healthy donors (con-
trol). Results are re-
ported as mean ±
SEM, *p <0.01 (com-
pared to control).
From   [4].
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olar epithelial repair [5]. Experiments using spe-
cific inhibitors of the EGF/TGF-a pathway sug-
gest that the effects of KGF on alveolar epithelial
repair are mediated, in part, by the EGFR path-
way. These findings, coupled with our work with
IL-1b and TGF-a, suggest that the EGFR may
serve as a final common pathway in stimulating
alveolar epithelial repair in vitro. 

HGF is another potent mitogen for alveolar
type II cells in vivo and in vitro which is upregu-
lated by IL-1b and other inflammatory cytokines
in lung fibroblasts [20]. HGF was found in elevated
concentrations in pulmonary oedema fluid from
patients with ALI/ARDS, signalling a potential
role in alveolar epithelial repair [21]. Ongoing
studies in our laboratory are focused on defining
the role of HGF in alveolar epithelial repair in vitro
and in vivo.

In conclusion, it must be emphasised that the
alveolar epithelial repair process in the lung is very
complex and modulated not only by several growth

factors and cytokines, but also by other secreted
products from inflammatory cells that are accu-
mulated in the alveolar space during lung injury
(e.g. proteases, reactive oxygen species) and by a
variety of components of the extracellular matrix.
One major goal is therefore to establish more so-
phisticated in vitro and in vivo models to improve
our understanding of the mechanisms involved in
the alveolar repair process. These experimental
models will also enable us to test novel treatment
modalities which seem promising in patients with
ALI/ARDS.
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