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Purpose of review

The mechanisms of epithelial injury in acute lung injury/acute respiratory distress
syndrome have been of interest since the syndrome was first described. Cell therapies
to replace injured epithelium are a futuristic dream; however, there is ongoing research
to achieve this goal. We review research regarding the function of the epithelium in
acute lung injury/acute respiratory distress syndrome, including potential novel
therapies.

Relevant findings

Altered fluid clearance from the injured lungs in acute lung injury/acute respiratory
distress syndrome patients has been consistently found and is an important prognostic
finding. New research suggests that neutrophils that enter the lung late and which are
enticed into the lung through a specific chemokine system may be important for causing
lung injury. If this is the case, then blockers of this system could be a possible therapy.
The role of fibrinolysis and coagulation abnormalities in lung injury due to infection and
other perturbations is examined. These abnormal findings may be useful diagnostic tools
for prognostication as well as targets for future therapies.

Summary

Epithelial damage is a hallmark of acute lung injury/acute respiratory distress syndrome.
An increased understanding of the function of these cells and of the abnormalities that
occur when these lung cells are injured should allow the development of novel therapies
and, perhaps, lead to replacement therapies.
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robust barrier against infection, but are susceptible to
injury from toxic (e.g. aspiration pneumonitis) or inflam-
matory processes (infection). While protective, the
barrier must facilitate rapid exchange of oxygen and
carbon dioxide, so the diffusion distance must be mini-
mized. The alveolar epithelium consists primarily of two
cell types. Type I alveolar epithelial cells serve primarily
a barrier function, but are metabolically active, partici-
pating in host defense, alveolar remodeling and anti-
oxidant functions [1]. T'ype II epithelial cells are smaller
and are characterized by their surfactant-containing
secretory granules called lamellar bodies. In addition to
surfactant production, these cells serve essential immune
and progenitor functions [2].

Introduction

The lung epithelium is the central player in both the
pathogenesis and resolution of acute respiratory distress
syndrome (ARDS). In addition to its barrier function, the
alveolar epithelium regulates the water and solute con-
tent of the fluid lining the epithelium at the air-liquid
interface. Regulation of this fluid layer constitutes an
essential component of both homeostatic gas exchange
and host defense against infection. As the epithelium is
exposed to the external environment, it is a target for
injury and infection, but this exposure also makes it a
natural target for specific therapies using inhaled drug
delivery. The review will examine the critical function of
the alveolar epithelium in acute lung injury (ALI/ARDS)

and novel therapies targeting these cells.
Edema fluid clearance in acute lung injury/acute

respiratory distress syndrome

Function of alveolar epithelium
The alveolar surface comprises more than 99% of the
internal surface area of the lungs. These cells must form a
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There is a dynamic balance between fluid formation and
clearance across the alveolar epithelium with alveolar
liquid volume regulated by a balance between physical

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.


mailto:gropperm@ucsf.edu

12 Respiratory system

and biochemical forces. Ionic movement is dominated by
Na®™ and ClI~, each moving through specific apical
channels. Sodium moves selectively through the epi-
thelial sodium channel (ENaC) and chloride through
the channel termed the cystic fibrosis transmembrane
regulator (CFTR), with adenosine playing a central role
by stimulating CF'TR-mediated chloride transport [3°°].
Edema fluid clearance from the lung occurs when sodium
undergoes vectorial transport from the alveoli into the
underlying interstitium. This transport is thought to be
primarily a function of alveolar type II cells. Transport
occurs when sodium enters the cell through the amilor-
ide-sensitive Na™ channel (ENaC) and is pumped out of
the cell by Na™/K*T-ATPases located on the basolateral
surface of the epithelial cells [4]. This enzymatic process
of sodium transport is manipulatable; the Na™ channel
inhibitor amiloride will block fluid clearance, whereas
the ATPase can be stimulated by B-agonists, increasing
sodium transport and therefore trans-epithelial fluid
movement [5]. Chloride is secreted to preserve electrical
neutrality and likely moves through the CFTR; how-
ever, this is not well characterized. Water follows the
osmotic gradient generated by Na' transport. The
specific pathway for water movement across the epi-
thelium is controversial: water may travel through
specialized water transporting proteins called aquaporins

Figure 1 Mechanisms of alveolar fluid balance

[6]; however, in transgenic mice where aquaporins have
been deleted, alveolar liquid clearance is unaffected
(Fig. 1) [7,8].

Most patients with ALI/ARDS are thought to have
altered fluid clearance from the alveolar space. To assess
the efficacy of edema fluid clearance from the lung, serial
measurements of edema fluid protein concentration must
be made. Using this technique, it has been shown that
patients with impaired fluid clearance have increased
mortality compared to those with normal fluid clearance
[9,10]. In the most recent study, 56% of patients with lung
injury had decreased alveolar liquid clearance, with only
13% having maximal liquid clearance. In the patients
with hydrostatic pulmonary edema, 75% had submaximal
to maximal liquid clearance. It is interesting to note that
survival of patients with ALI that had maximal liquid
clearance was higher compared to those patients with
lower rates. These patients also had fewer days of mech-
anical ventilation [10].

Strategies to increase alveolar fluid clearance

If increased edema fluid clearance is associated with
improved outcomes, is it possible to pharmacologically
manipulate fluid clearance and therefore improve out-
comes? The most commonly studied agents to improve

The alveolar type Il cell regulates fluid
balance across the epithelium. Water
follows sodium, which is transported out
of the cells via Na™/K*-ATPases located
on the basolateral membrane. Sodium
enters the apical surface of the type Il cell
through the ENaC, and the type | cell

via the ENaC and CFTR. CFTR, cystic
fibrosis transmembrane regulator; ENaC,
epithelial sodium channel. From [8].
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fluid clearance are B-adrenergic agonists. These agents
improve liquid clearance in a number of animal models of
lung injury, including ventilator-induced lung injury [5]
and smoke inhalation lung injury [11]. One small clinical
trial has shown promise: Perkins e7 @/. [12] randomized
40 patients with ALI/ARDS to either placebo or intra-
venous salbutamol (a selective B,-agonist). They found
decreased lung water, lower plateau pressures and a trend
towards a lower lung injury score in the salbutamol group.
The treatment group did have a higher incidence of
supraventricular arrhythmias. Based on these promising
results, the National Heart, Lung and Blood Institute
ARDS Network is planning a large, multicenter, prospec-
tive trial to test the efficacy of aerosolized albuterol
in mechanically ventilated patients with ALI/ARDS
(clinicaltrials.gov, study # NCT00434993).

Sepsis, coagulation and lung epithelia

The interactions between epithelial cells and neutro-
phils, both potent sources of cytokines, play key roles
in both lung injury and repair.

Neutrophils and acute lung injury

"The role of neutrophils in the development and perpetua-
tion of ALLI has recently been re-explored. A rapid, early
influx of mature circulating neutrophils to the injured
lung is followed by a slower, sustained recruitment of
neutrophils from the bone marrow [13°°]. The progressive
damage to the lung that characterizes ALLT is attributable to
this second, persistent phase of neutrophilia; indeed, the
duration and severity of the neutrophilia are predictors of
mortality [13°%,14,15]. The recent work by Petty ez al.
[13°°] documents a role for the CXCR4/stromal cell-
derived factor 1 (SDF-1) chemokine in causing the
persistent, sustained recruitment of neutrophils from
the bone marrow to the lung in ALI caused by endotoxin.
The authors also document that the source for the SDF-11is
primarily the injured lung epithelium with much smaller
contributions coming from pulmonary leukocytes. This is
in contrast to the first phase of cytokine release, which
appears to originate from alveolar macrophages. Further-
more, the authors [13°°] present data suggesting that
although the SDF-1 found in the airspaces may recruit
neutrophils to the injured lung, it does not appear to affect
the neutrophils in the marrow. The CXCR4/SDF-1
chemokines have also been implicated in lung repair after
injury [16].

Lung coagulopathy in acute lung injury/acute
respiratory distress syndrome

Intra-alveolar fibrin deposition and pulmonary vascular
thrombi have been noted since the beginning of patho-
logic descriptions of ARDS [17-19]. Research has shown
that tissue factor is constitutively expressed on normal
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alveolar macrophages and on alveolar epithelium [20].
Fibrin deposition is not found in the lung normally
because other components of the coagulation cascade,
including activated protein C, antithrombin and tissue
factor pathway inhibitor, prevent its formation. With lung
inflammation or infection, however, tissue factor expres-
sion is induced on macrophages and on the alveolar
epithelium, and lung endothelial leakage allows transu-
dation of plasma proteins across the alveolar capillary
barrier and leads to activation of Factor X to Factor Xa,
which further leads to downstream products of activated
coagulation [21]. Previous studies had shown that com-
petitive blockade of Factor VIIa binding to tissue factor
decreased ALI and other organ injury in baboons septic
due to Escherichia coli [22,23]. Tissue factor—Factor VIIa
inhibition also affects Factor X activation, however, so it
was not clear which pathways of coagulation—inflam-
mation crosstalk were critical for ALI. Therefore, block-
ade of Factor X binding to established tissue factor—
Factor VIIa complexes, using a chimerized antihuman
tissue factor monoclonal antibody (Sunol-cH36) that
specifically blocks the Factor X-binding site on tissue
factor, was utilized in a recent set of experiments. Infu-
sion of the anti-tissue factor antibody led to improved gas
exchange, decreased pulmonary hypertension, decreased
interleukin-8 and -6 levels, fibrinogen depletion, and
decreased thrombin—antithrombin complex formation,
as well as decreased kidney injury in septic baboons
[21]. These exciting data suggest that blockade of the
tissue factor—Factor VIla—Factor Xa complex may
decrease lung injury as well as other organ failure, and
this appears to be clinically relevant given the studies of
intra-alveolar coagulation changes that occur in patients
with ALI and acute lung infections.

Bronchoalveolar lavage (BAL) studies in patients with
severe pneumonia documented similar changes in local
fibrin turnover as had been described with ARDS
patients [24°]. Similar, but less severe, changes have
been found in patients with less severe lung infections
that did not require mechanical ventilatory support [25].
The protein C system is suppressed in patients with
ventilator-associated pneumonia (VAP) and plasminogen
activator inhibitor-1 (PAI-1) concentrations are increased
in the plasma and BAL of ALI/ARDS patients, and in
the BAL of patients with pneumonia [25,26,27°%,28].
Retrospective measurements of plasma levels of protein
C and PAI-1 in plasma samples were analyzed from
779 patients in a trial of a protective ventilatory strategy
for ARDS/ALI patients and were compared to 99
samples from patients with acute cardiogenic pulmonary
edema. Baseline protein C levels were low and baseline
PAI-1 levels were elevated in the samples from the
patients with ARDS/ALI. In fact, decreased levels
of plasma protein C and increased levels of PAI-1 were
independent risk factors for mortality and adverse clinical
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outcomes in these patients [29°]. Notably, other studies
document that the PAI-1 and other evidence of depres-
sed fibrinolysis precedes the clinical occurrence of VAP
by days, suggesting that these coagulation changes are
sensitive markers of airspace perturbations and that these
markers stay localized in the lungs unless patients have
lost their epithelial barriers, as is seen with the develop-
ment of ARDS [24°,25]. Finally, a series of experiments
from one group of investigators suggests that lung epi-
thelial cells are active participants in producing members
of the coagulation cascade [30,31]. The group showed
that cultured A549 cells, small airway epithelial and
primary human alveolar epithelial type II cells were
found to express thrombomodulin, endothelial protein
C receptor and tissue factor after cytokine stimulation.
Also, all three of these cultured cell lines activated
protein C. Shedding of endothelial protein C receptor
and thrombomodulin from the alveolar epithelium was
inhibited by metalloproteinase inhibitors, suggesting that
shedding is mediated by a metalloproteinase [30].

Conclusion

The alveolar epithelium plays a key role in the formation
and clearance of ALI/ARDS. Trans-epithelial ion trans-
port functions to remove excess liquid from the alveolar
space and this ability to remove excess water from the
alveoli has been correlated with outcomes in patients with
ALI/ARDS. New clinical trials will target this pathway to
determine if outcomes can be improved by increasing the
rate of liquid clearance through B-adrenergic stimulation.
There is a delicate balance that exists between the alveolar
epithelium, the coagulation pathway and lung leukocytes.
The development of an alveolar procoagulant state can
result in inflammation, edema and fibrosis. Novel anti-
coagulant therapies such as activated protein C may
provide the ability to improve lung function without
concomitant immunosuppression.
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