Conceptual Approaches to Lung Injury and Repair
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Abstract

Lung injury and repair is a broad topic that includes many cell types
and is relevant to the pathogenesis of most lung diseases. Here, we
focus on injury and repair of the alveolus, the principal function of
which is to achieve gas exchange. The many cell types and structures
present in the alveolus are discussed, with emphasis on their
interactions in both health and disease. We define injury as damage
resulting in impaired gas exchange; physiologic repair, then, requires
restoration of normal alveolar architecture and function. The role

of inflammation in both injury and repair of structural alveolar cells,
particularly epithelial cells, as well as mechanisms of resolution of
inflammation will be addressed. Finally, emphasis is placed on the
importance of addressing quantitatively the dynamic and complex
multidirectional interactions between the many alveolar cell types
and structures in three dimensions over time and in relating such
mechanistic studies to physiologic outcomes and human disease.
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The topic of lung injury and repair
encompasses a wide variety of cell types and
structures that can be injured, many causes
and mechanisms of injury, and various
forms of resolution and repair that can
occur. Importantly, repair can be either
physiologic, ultimately restoring normal
lung structure and function, or pathologic,
resulting in abnormal structure and
function. The pathogenesis of many, if not
all, lung diseases, including adult respiratory
distress syndrome (ARDS), asthma,
chronic obstructive pulmonary disease,
and the many interstitial lung diseases, can
be considered in terms of the cell type(s)
injured, the cause and mechanism of injury,
and the reparative responses, all of which
may vary substantially between disease
states. However, there are also common
elements to these processes and diseases
that deserve consideration. Moreover,
subclinical injury and physiologic repair are
likely occurring constantly in the healthy

lung in response to daily inhalation of
toxins, particles, and microorganisms.
Here, we will present working definitions of
injury and repair and discuss underlying
mechanisms. Because of our particular
interests, we will focus on injury and repair
of the alveolus with emphasis on the role
of inflammation and repair of the alveolar
epithelium. However, the concepts put forth
here also apply to other cells and structures
of the respiratory tract.

The Alveolar Unit

The principal function of the lungs is gas
exchange. A continuous column of air
begins at the nares and mouth (sites often
overlooked as part of the respiratory system)
and extends through the larynx, trachea,
and multiple generations of bronchi and
bronchioles, which ultimately terminate in
the alveoli. The alveolus is composed of
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multiple cell types and extracellular
constituents (Figure 1) that function as

a cohesive unit to provide a barrier between
the external environment and the organism
while promoting efficient gas exchange.
The luminal surface of the alveolar unit is
bounded by alveolar type I cells that cover
more than 95% of the luminal surface

and alveolar type II cells that produce
surfactant, contribute to ion and fluid
reabsorption, and serve as progenitors

to replace injured type I cells. A human
alveolus averages around 40 type I and

77 type 1I cells (Dallas Hyde, personal
communication). Alveolar macrophages
reside in the alveolar lumen, and perhaps
also in the airways, and serve important
roles in host defense and alveolar
homeostasis by sensing and ingesting
inhaled pathogens and particulates as

well as endogenous substances such as
surfactant and sloughed epithelial cells.
Intriguingly, when viewed on perfusion-
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Figure 1. The alveolar unit is composed of the airspace and its contents, surrounding structural cells,
and adjacent pulmonary capillaries. Alveolar macrophages are bathed in surfactant and may form
physical connections with alveolar epithelial cells. Type | epithelial cells (Tl Ep) cover most of the
alveolar luminal surface. Type Il alveolar epithelial cells (TIl Ep) cover the remainder. These cells
synthesize surfactant that is contained in lamellar bodies (LB) in the cytoplasm and released into the
surface water layer lining the alveolar space by exocytosis. Endothelial cells form a network of
pulmonary capillaries that surround the alveolus to enable efficient exchange of gas. When healthy,
the luminal surface of the endothelium is covered with a glycocalyx of proteoglycans and
glycosaminoglycans that extend into the lumen but is degraded during inflammation to permit
leukocyte transmigration. Fibroblasts and pericytes occupy the interstitium and help maintain the
health and function of the epithelium and endothelium, in part through maintenance of the basement
membrane and interstitial matrix. Adapted by permission from Reference 43.

fixed lung sections (rather than standard
airway fixed sections), the alveolar
macrophage has a flattened, sessile
appearance with a large area of contact with
the epithelium, as shown in Figure 2. The
basilar surfaces of the alveolar epithelial
cells rest on a thin basement membrane
and interstitial matrix components that
are cooperatively maintained by fibroblasts,
epithelial cells, and pulmonary capillary
endothelial cells, which form a network
of capillaries that, as discussed in more detail
below, contain a substantial proportion
of the body’s extramedullary neutrophils
(1). The degree to which intravascular
leukocytes contribute to homeostasis of the
alveolus is unclear; however, on the basis of
their sheer numbers, they must be included
in any discussion of the alveolar unit
and are certainly available for immediate
recruitment.

Importantly, maintenance of
the alveolar unit requires complex
multidirectional interactions between the
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various cell types present. For example,
fibroblasts communicate to endothelial cells
and alveolar type II cells via gaps in the
basement membranes and secretion of
growth factors and thus serve as a “niche”
for the alveolar epithelium (2, 3). Similarly,
macrophages have been suggested to
communicate with alveolar type II cells by
mechanisms that include antiinflammatory
signals transmitted through gap junctions
(4) and secretion of cytokines that promote
epithelial cell proliferation (5). Critically,
each cell in the unit relies on the function
and health of its neighbors, such that
damage to any single cell type is inevitably
accompanied by injury or a change

in behavior to other cell types. This
cellular interdependence is highlighted by
experimental models of emphysema

in which targeted destruction of the
endothelium results in epithelial cell loss
(6) and selective induction of epithelial
death leads to effects on the capillary
endothelium (7).

In a broad sense, the concept of tissue
injury can be defined at the organ, cellular,
or molecular level. Here, we define injury as
structural damage to the alveolus such that
lung function (e.g., gas exchange, barrier
integrity) is impaired. In the case of the
alveolar epithelium, for example, this injury
may include disassembly of the tight
junctions, holes in the plasma membranes, or
loss of cells. In turn, repair can be simply
defined as restitution of damaged structures
such that alveolar function is restored. For
example, after alveolar epithelial type I
cell death, type II cells spread, proliferate,
and transdifferentiate to replace lost type
I cells, restoring barrier function and
permitting efficient gas exchange. Critically,
repair requires coordinated responses by
multiple cells types (and the matrix) that
can occur through paracrine signaling or
physical juxtaposition. Repair of the
alveolar epithelium is discussed in more
detail below.

The Paradox of Inflammation

Inflammation is a beneficial, nonspecific
response of tissues to infection and injury
that promotes immunity and generally
drives repair. However, inflammation itself
also induces cell and tissue injury and

is associated with the vast majority of
pulmonary (and other) diseases. In
considering these paradoxical processes, it is
clear that in the context of the pulmonary
alveolus “inflammation,” in addition to
“injury” and “repair,” must be defined.
Traditionally, inflammation meant the
accumulation and various actions of
inflammatory leukocytes migrating from
the blood, with associated alterations to
the local vasculature and blood flow. More
recently, the presence of one or more of
the myriad “mediators” of inflammation
(cytokines, chemokines, peptides,
hormones, biologically active lipids, and the
like) that promote these tissue changes and
the accumulation of inflammatory cells
has itself come to be equated with the
term inflammation. We would argue here
that, just as for discussion of “injury,”
more precision in describing the ongoing
processes in inflammation is required. For
example, determining whether the injurious
effects of inflammation result directly from
accumulated inflammatory cells or from
direct effects of inflammatory mediators
on tissue cells (or both) is important.
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Figure 2. Sessile alveolar macrophages contact alveolar epithelial cells. Electron micrograph prepared
from perfusion-fixed lung section. A = airspace lumen; C = capillary lumen; EN = endothelial cell; EP =
type | epithelial cell; IN = interstitium; MP = macrophage. Reprinted by permission from Reference 44.

The simplistic concept of the “acute
inflammatory response” may thus be
characterized by initial generation of
mediators that alter local hemodynamics
as well as attract neutrophils as the usual
first migrating responder. A substantial
proportion of the neutrophils, and other
leukocytes, in the circulation are at any one
time found in the pulmonary capillaries
(the so-called marginating pool). This
occurs because leukocytes must undergo
physical deformation to pass through
these capillaries (as a consequence of size
disparity and local rheological features
of pulmonary blood flow), therefore leading
to slower passage through the pulmonary
capillary bed (1). In essence, as noted
above, leukocytes found in the pulmonary
capillaries can be considered part of the

overall alveolar unit and constitute

a reservoir for immediate response to
alveolar injury and tissue cell stimulation.
Importantly, unlike the predominant
migration site through the postcapillary
venules for leukocytes in the systemic
circulation (including the bronchial
vasculature), migration into the alveolar
unit occurs through the capillaries (8)
and thence out into the airspaces through
the thick side of the alveolus and
predominantly through the type I/type

IT epithelial cell junctions (9, 10).

During inflammation, neutrophils
can auto-induce further neutrophil
accumulation as well as the commonly seen
acute inflammatory sequence where
monocytes and later lymphocytes are
attracted, followed by maturation of
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migrating monocytes toward various
functional subtypes including macrophages
(distinguished from monocytes by their
large size and greatly enhanced phagocytic
capability). As noted below, the monocytes
and macrophages are highly responsive
to the local environment and develop highly
variable programming states that early on
contribute to the inflammatory (protective
and potentially injurious) state and later
play critical roles in turning off and
resolving the inflammation and driving
repair of the tissue. An additional important
component of this sequence is the
generation of antigen-processing cells
(monocytes and dendritic cells) with induction
of adaptive immune responses to foreign
stimuli or, in some cases, against self-antigens
exposed during the injurious phases. Thus, the
resolving inflammatory process normally
maintains a critical balance between selectively
enhanced protective immunity while
controlling autoimmune responses.
Inflammation as it applies to the
alveolar unit, as well as for other tissues, is
usually thought of as injurious (so called
“collateral damage”)—even when it is also
associated with its defensive properties in
combatting infection. Transmigration of
neutrophils from the alveolar capillary to
the airspace is generally associated with
a key alteration of alveolar function (one
form of “injury”), namely disrupting
the maintenance of a dry lung (i.e, the
prevention of plasma and interstitial fluid
leak into the airspace) (11) (Figure 3).
Direct effects of the neutrophils on
endothelial and epithelial barrier integrity
are implied and, for example, shown
elegantly in a recent intravital microscopic
examination of endothelial permeability
initiated by simple application of
neutrophil-directed chemotactic
chemokines in the cremaster muscle (12).
A similar, extremely rapid increase in
overall alveolar permeability (i.e., alteration
of both endothelial and epithelial barriers)
may be seen after instillation of neutrophil
chemokines into the lung (11). It should be
noted here that there is some evidence that
neutrophil transmigration can under some
circumstances occur without major barrier
disruption (13) and that dual neutrophil
stimulation, so-called priming plus
activation, may be required for the barrier-
altering effects. However, it also seems
likely that these are nearly always present in
cases of inflammatory neutrophil
emigration and that completely benign
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Figure 3. Inflammatory lung injury. (A) During inflammatory lung injury, neutrophils (N) migrate from the intravascular space (C, capillary) across the

endothelium and epithelium into the airspaces (A). During transmigration, neutrophils release toxic mediators, which cause injury to the endothelium and
epithelium. Epithelial injury includes death and sloughing of cells, which contribute to airspace debris (D). Injury to the alveolocapillary barrier results in
permeability and the influx of edema fluid and fibrin (F) from the vasculature into the airspaces. As inflammation progresses, mononuclear leukocytes (L),
including monocytes and lymphocytes, migrate from the circulation to sites of injury. (B) Representative time course illustrating the kinetics of leukocyte
migration, debris accumulation, and edema formation in the injured alveolus. (C) Reepithelialization of the injured alveolar epithelium occurs in stages.
Type | cells are the most susceptible to injury. Surviving type Il (ATIl) cells (7) spread and migrate onto the denuded basement membrane (BM), (2)
proliferate, and (3) differentiate into type | (ATI) cells to restore a normal alveolar architecture. Meanwhile, active ion transport by the Na*/K™ ATPase as
well as passive ion uptake through ion channels (ENaC and CFTR, not shown) creates an osmotic gradient. Water reabsorption follows through aquaporin
channels. The resolution of inflammation depends on apoptosis of neutrophils followed by the uptake of apoptotic neutrophils by macrophages (efferocytosis),

a process that is enhanced by transforming growth factor (TGF)-B released from T-regulatory lymphocytes (Tregs). Reprinted by permission from Reference 45.

migration is not the norm. In most cases,
the neutrophil migration into the airspaces
appears to be accompanied by actual
physical damage to the type I epithelial
cell, as noted for example in the early
ultrastructural studies of ARDS lungs by
Bachofen and Weibel (14) and in numerous
experimental models. In addition, direct
damage to the epithelia of the airways

and alveolus (as occurs, for example, after
aspiration of acidic stomach [15] contents
or inhalation of ozone [16, 17]) also
induces inflammation (i.e., inflammatory
mediators and accumulation of the

S12

sequence of inflammatory cells), which
thereby can enhance the initial injury.

The inflammatory response, and in
particular for this example, the neutrophil
accumulation, also appears to play
an important role in the repair of the
epithelium, even while also contributing
early on to the actual epithelial damage and
removal. It has been suggested that part of
this reparative function may reside in the
clearance of epithelial debris (debridement
of the damaged cells), thus creating a clean
matrix for the necessary reepithelialization
(17). In addition to removal of the initial

stimuli (whether organic or inorganic) and/
or the potentially toxic and proinflammatory
debris generated by the original injury,
neutrophils can also directly activate
reparative responses of the epithelium (11).

Resolving Inflammation and
the Initiation of Repair—
Mononuclear Phagocytes
Clean Up the Mess

Almost immediately after the onset of acute
inflammation, the alveoli and surrounding
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tissues become filled with debris
(Figure 3A). The nature of this debris is
highly complex but at a minimum includes
vesicles and microparticles released from
leukocytes and tissue cells, matrix materials,
surfactant components, pathogens (either
dead or alive), apoptotic bodies, and intact
apoptotic cells—all of which must be
cleared to resolve inflammation and restore
function of the alveolar unit (18, 19). The
primary cells involved in the clearance of
debris and apoptotic cells are mononuclear
phagocytes (i.e., macrophages, monocytes,
and dendritic cells), although tissue cells
such as endothelial cells, fibroblasts, and
epithelial cells can also have, or develop,
the ability to recognize and ingest
apoptotic cells and extracellular materials
(20, 21).

The mononuclear phagocyte system
in the lung is complex, and the lack of
a consistent nomenclature has been a barrier
to progress in the field. We suggest, at
a minimum, that mononuclear phagocytes
should be categorized according to the
ontogeny (or lineage) of the phagocyte as
well as the compartment in which it resides.
In this context, perhaps the easiest cell to
define is the resident alveolar macrophage.
This cell has embryonic origin and is
embryonically derived from fetal liver
monocytes that migrate to the airspaces and
mature into macrophages on birth (22).
During health, these embryonically derived
alveolar macrophages are maintained
in constant number through local self-
renewal; however, in response to
inflammation they may proliferate locally
to transiently increase their numbers (23).
Monocytes (derived from the bone
marrow) can be found in significant
numbers in the pulmonary vasculature
during health (1). During inflammation,
circulating monocytes migrate to the tissues
and alveoli, where they mature into
“recruited” macrophages that can markedly
increase the total number of macrophages
in the lungs (24). As inflammation resolves,
these bone marrow-derived macrophages
undergo programmed cell death and are
ingested locally by the macrophages that
remain (24). Some may also be cleared via
the mucociliary escalator. Return of the
macrophage pool to its original size and
programming state is essential for complete
resolution of inflammation and for the
repair of the alveolar unit. Failure or delay
of macrophage death may lead to fibrosis
and chronic inflammation.

The programing state (or activation
state) of mononuclear phagocytes is largely
driven by the environment in which they
reside. Accordingly, at very early points
in the inflammatory cascade, pathogen-
associated molecular pathogens as well
as cell-derived microvesicles and debris
produced as “collateral damage” from
inflammation can render macrophages
proinflammatory and may amplify the
inflammatory cascade. However, at nearly
the same time, apoptotic cells (or even
vesicles released from dying cells—so-called
apoptotic bodies) can lead to profound
antiinflammatory programming of the
macrophages (19, 25). Accordingly, the
environmental cues that drive pro- and
antiinflammatory macrophage
programming represent a balance that
occurs on a temporal continuum. In this
context, phosphatidylserine (PS) deserves
special mention. PS is normally confined
to the inner cell membrane but is rapidly
exposed on the cell surface during early
apoptosis (26). Similarly, PS may be
exposed on cell-derived microvesicles
or microparticles that lack the cellular
machinery to maintain phospholipid
asymmetry (27). Last, activated neutrophils
can also expose phosphatidylserines before
undergoing programmed cell death and
in this way can initiate resolution and
repair processes even while potentially also
inducing injury (26). Accordingly, sloughed

epithelial cells, dying neutrophils, and
microvesicles comprise a rich depot of

PS during the height of inflammation.
Recognition of PS structures by
mononuclear phagocytes can reprogram
them to an antiinflammatory and prorepair
state characterized by production of
mediators such as transforming growth
factor-3, IL-10, vascular endothelial growth
factor, hepatocyte growth factor, and
insulinlike growth factor-1 (18, 19, 25).
Intriguingly, several of these molecules

are also associated with fibrosis, and

it is enticing to speculate that if the
macrophages persist in this activation state,
they may become drivers of fibrotic lung
diseases such as idiopathic pulmonary
fibrosis (28).

Repair of the
Alveolar Epithelium

Repair of the alveolar epithelium requires
reepithelialization of the denuded basement
membrane and reassembly of tight
junctions. The present discussion focuses on
reepithelialization of the denuded basement
membrane. As mentioned above, during
lung injury, alveolar type I cells are
particularly susceptible to injury; they die
and slough off, resulting in permeability
that allows the influx of edema fluid.
Reepithelialization of the denuded basement

Structural Damage
and Loss of Function

Balance

Restoration of Structure
and Function

Figure 4. Temporal balance of injury and repair. Opposing effects of injury and repair occur
simultaneously and vary over time. (A) Naive mouse lung. (B) Neutrophils in the airspaces and
interstitium 24 hours after intratracheal LPS. (C) Edema fluid in the alveoli and tissues representing
impaired barrier function. (D) Accumulation of mononuclear phagocytes during resolving
inflamsmation. (E) Restoration of lung structure and function in a mouse lung 9 days after LPS

administration.
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membrane is accomplished in large part by
alveolar type II cells, which are relatively
resistant to injury, although other
progenitor cell populations have recently
been identified (3, 11, 29-32). Type II cells
spread, proliferate, and transdifferentiate
into type I cells to restore normal alveolar
structure and barrier function (Figure 3C)
(3). Various signaling pathways have been
identified that promote type II cell
spreading (33, 34), proliferation (5, 11), and
transdifferentiation (32, 35). Type II cell
proliferation is necessary to replace lost
cells, but when overexuberant can result in
hyperplasia. Soluble mediators implicated
in type II cell proliferation include KGF and
HGEF, and these are likely secreted by the
fibroblast, which forms the type II cell niche
(3). B-catenin signaling (11) and FoxM1
signaling (31) also induce type II cell
proliferation during repair. However, much
of this work has been done in cell culture;
the reparative mechanisms identified

in vitro must be validated in animal
models of lung injury. Characterization

of additional pathways and additional
progenitor cells are active areas of
investigation. Under certain circumstances,
epithelial injury and ineffective repair can
promote the activation of fibroblasts,
resulting in fibrotic lung disease.

In addition, fundamental questions

remain regarding the timing and relative
importance of different reparative
mechanisms during varying forms

and severity of injury as well as the
heterogeneity of type II cells, particularly
regarding their progenitor function. Finally,
the role of inflammation in repair of the
alveolar epithelium merits further study.

Challenges to the Study of
Lung Injury and Repair

The alveolar unit consists of many cell types
in close proximity. Although often studied

in isolation, the behavior of each cell type is
intimately dependent on signals from
neighboring cells. In vitro studies of single
cell types, critical for dissection of
intracellular signaling pathways, should be
integrated with coculture (5, 11) and in vivo
approaches that reproduce the complex
interactions of many cell types of the
alveolar unit. For example, as highlighted
above, mononuclear phagocytes adapt
rapidly to their environment, and therefore
information derived from macrophage
culture should be validated by coculture
and/or in vivo approaches. Similarly,

a thorough understanding of the role of
extracellular structures in the function of
the alveolar unit will come from research
using complex model systems. Examples
include the appropriate extracellular matrix
and the endothelial glycocalyx, which
strongly influence cell behavior during lung
injury and repair (36, 37).

In addition to considering the
multiple constituents of the alveolar unit,
investigations on lung injury and repair will
need to reproduce the three-dimensional
structure of the lung. Standard lung tissue
sections only provide information in two
dimensions and when analyzed qualitatively
can provide misleading or even erroneous
information (see Reference 38 for
examples). Hence, stereologic approaches,
enabling quantitative assessment of three-
dimensional structures from two-
dimensional sections, should be performed
whenever possible (39). In this context,
recent three-dimensional studies of the
lung, both in vivo and ex vivo, have begun
to illuminate the critical events that occur
in three dimensions during lung injury and
repair (40, 41). Similarly, whereas
traditional methods generally evaluate
tissues or cells at a single point in time, the
events that occur during lung injury and
repair are dynamic. Recent advances such
as intravital microscopy and live cell

imaging now enable assessment of these
events in real time (37, 42). As these tools
become more developed, quantitative
assessment of the entire organ must be
made (39).

In sum, if our investigations on lung
injury and repair are to illuminate
physiologic processes during homeostasis
and disease, they must quantitatively
analyze the entire alveolar unit, in three
dimensions, over time. The contrasting
effects and processes occurring
simultaneously, as a temporal continuum
(Figure 4) with changing balance between
overall functions, must be recognized. This
makes analysis challenging—for example,
separating the simultaneous ongoing injury
and repair functions of a given cell type and
recognizing that at any one point in time
a given cell type may exhibit potentially
opposing activities. Similarly, the pleotropic
effects of a single signaling molecule can be
in opposition. Moreover, although studies
in mice have advantages, rats and larger
animals may more closely approximate the
physiology of humans. Finally, whereas
animal models are critical for experimental
work, they are mere models of human
disease; studies using human tissue should
complement experimental work whenever
possible. Studies of the complete alveolar
unit, including complex multicellular and
cell-structure interactions, with quantitative
assessments of dynamic three-dimensional
processes that are related to physiologic
outcomes of organ function, with
complementary studies in experimental
animals and human tissue, will propel our
understanding of lung injury and repair
during homeostasis and disease. l

Author disclosures are available with the text
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