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cells are also found in the epithelial layer. The alveolar 
epithelium covers the surfaces of the alveolar ducts and 
alveoli and is composed of primarily the type I and type 
II pneumocytes. Differences in cell populations and gene 
expression dictate some differences in repair mechanisms 
between these regions.

Steady-State Kinetics of Lung 
Epithelial Cells

Studies of pulmonary cell kinetics in rodents have dem-
onstrated that the epithelial compartment in the adult 
lung is mitotically inactive, based on 3H-thymidine label-
ing indices.1 This overall low proliferation rate and the 
diverse number of cell types in the lung have made deter-
mination of steady-state kinetics diffi cult. Following post-
natal growth, the mitotic index in the rodent lung was 
calculated to be less than 0.4% per day.2 In tracheal epi-
thelial cells, 4-week-old rats had a turnover of about 1 
month, whereas very low mitotic activity has been identi-
fi ed in the epithelial cells of the postgrowth trachea 
and terminal bronchiolar epithelium.3 Prolonged studies 
achieved by the addition of radiolabeled thymidine to 
drinking water have demonstrated that alveolar epithe-
lial cells can survive for 125 days in young animals.4 These 
observations were obscured by the prolonged period 
of postnatal alveolar growth that occurs in animals and 
humans. When labeling of alveolar wall cells was consid-
ered relative to age, cell turnover in the alveolar epithe-
lium was noted to decrease even further.5 Thus, in the 
absence of injury, the epithelial cells of all lung compart-
ments are mitotically quiescent.

Steps in Injury and Repair

Classic wound healing has been investigated in great 
detail in the skin where a paradigm for repair that is 
similar to the lung has been established.6 This regenera-

Introduction

Contact with the environment positions the respiratory 
epithelium at risk for acute and chronic injury from infec-
tious pathogens, noxious agents, and infl ammatory pro-
cesses. Thus, to protect gas transfer within the lung the 
epithelium is programmed for routine maintenance and 
repair. Programs for repair are directed by epithelial, mes-
enchymal, and infl ammatory signals that collectively con-
stitute highly regulated networks. Principal components 
of the repair network are developmental morphogens, 
integrin and growth factor signaling molecules, and tran-
scription factors. The epithelium responds to these signals 
with a remarkable plasticity and is bulwarked by a popu-
lation of lung progenitor cells to ensure maintenance and 
repair for fl uid balance and host defense functions.

Insight into mechanisms of injury response and epithe-
lial cell repair comes from observations of human disease 
that have been tested using in vivo and in vitro models. 
Epithelial cell responses have been studied by numerous 
methods, initially based on morphologic image analysis, 
cell radiolabeling, and more recently by immunolabeling 
of molecular markers, receptors, ligands, and genetic tags 
for lineage analysis. Together, these data have been inte-
grated with a classic injury-wound healing paradigm to 
create a multistage model (Figure 45.1). Although specifi c 
injury/repair responses initiate programs, the resulting 
steps of epithelial differentiation for repair recapitulate 
embryonic patterns. In the pathologic state, repair pro-
grams are perturbed, leading to states characterized by 
fi brosis, metaplasia, or carcinogenesis.

Repair mechanisms discussed in this chapter encom-
pass mainly the airway and alveolar epithelium of the 
lung. The proximal airway epithelium lines the trachea 
and bronchi and forms the attendant bronchial glands. 
The distal airway includes bronchiolar epithelium that 
extends to the junction of the alveolar ducts. Major epi-
thelial types of the airway include ciliated, secretory 
(Clara), mucous (goblet), and basal cells. Neuroendocrine 
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Figure 45.1. Steps in repair of airway epithelial cell injury. Conceptual stages of repair of the airway epithelium. See text and 
Table 45.1 for details of each step. Mitotic or label-retaining cells are indicated by dark nuclei.

tive response was observed over 50 years ago following 
direct wound injury of the tracheas of rats7 and subse-
quently in large numbers of in vivo and in vitro models 
utilizing mechanical injury in airway and alveolar cell 
models.8–15 A similar pattern of behavior is often observed 
in respiratory epithelial cells injured by chemical or infec-
tious agents, suggesting a stereotypical repair program.16–

18 Although not a simple linear process, the programmed 
response to injury and repair can be condensed into a 
model, shown in Figure 45.1 and Table 45.1.

Although shown for an airway epithelial cell model, 
concepts are similar during alveolar epithelial cell repair.15 
Each of these stages involves participation of multiple 
factors that are directed by the mesenchymal and epithe-
lial cells. For the purpose of this section, we discuss repair 
after classic wounding that includes loss of the epithelial 
cell barrier and, critically, disruption of the basement 
membrane and underlying interstitial matrix. However, 
injured epithelial cells may also be selectively removed 
without disruption of the basement membrane.
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Formation of A Provisional Matrix

Loss of Normal Basement Membrane

In the steady state, the basement membrane is composed 
of two parallel sheets of laminin and collagen. The upper-
most layer (adjacent to the epithelial cells) is composed 
primarily of laminin-5 and laminin-10, while the lower 
layer is collagen IV.19 The layers are connected by entac-
tin/nidogen and multiple, highly charged, heparan sulfate 
proteoglycans (HSPGs) that are distributed throughout 
the basement membrane.19,20 The underlying interstitial 
matrix contains fi broblasts in a fi brillar collagen (types I 
and III) matrix with additional HSPGs. Following disrup-
tion of the epithelial cell layer and basement membrane, 
a provisional matrix is formed predominantly by passive 
leakage of serum factors from local vasculature into 
the disrupted epithelial basement membrane and into the 
exposed airspace.6,21 Cellular components including red 
blood cells (passively) and neutrophils (actively) move 
into the wound. The serum components form a fi brin clot 
that is present for up to 4 days.7 In acute alveolar injury, 
the “hyaline membranes” seen in acute respiratory dis-
tress syndrome (ARDS) are an example of exuberant 
provisional matrix after breach of epithelial and endothe-
lial barriers.22 Inhibitors of fi brinolysis, such as serine pro-
tease inhibitors, are present at this point to stabilize the 
provisional matrix.23 The passive provisional matrix for-
mation is accompanied by active production of fi bronec-
tin by fi broblasts and epithelial cells.24 Although many 
molecules compose the provisional matrix, the major 
factors are fi brin (most prominently), fi bronectin, and 
vitronectin.

Functions of the Provisional Matrix

The provisional matrix provides a temporary barrier and 
contains multiple molecules to signal subsequent steps in 

repair. At the defect, a fi brin plug acts as a scaffold for 
fi bronectin and vitronectin molecules but must be 
removed during reepithelialization.25 The fi bronectin and 
vitronectin contain multiple arginineglycine-aspartic acid 
(RGD) epitopes that are not present within the steady-
state matrix. This peptide sequence provides sites for 
interaction of epithelial and fi broblast cell surface recep-
tors (predominantly integrins) during cell migration and 
barrier restitution.26–28 In addition to RGD epitopes, pro-
infl ammatory neoepitopes and exposed cryptic sites are 
present that function in growth factor signaling and 
immune cell recruitment.29 Furthermore, alterations in 
matrix-associated HSPGs result in liberation of seques-
tered growth factors and cytokines.30 Also, infl ammatory 
and epithelial cells secrete platelet-derived growth factor 
that acts as both a mitogen and motogen (stimulating cell 
motility) for fi broblasts31 that subsequently restore normal 
matrix components. Once established, the provisional 
matrix provides a rich source of matrix epitopes and seques-
tered growth factors that function as a scaffold and signal-
ing unit for future reepithelialization.

Restitution of the Epithelial Barrier

Processes to return basement membrane to a fully estab-
lished barrier covered with a layer of epithelial cells are 
initiated almost immediately following injury by several 
simultaneous processes. First, as discussed earlier, a 
change in basement membrane composition as mediated 
by epithelial and mesenchymal cell secretion occurs 
rapidly to provide barrier protection and matrix-
dependent signals for epithelial cells and fi broblasts.32 
Second, epithelial cells, in response to matrix and growth 
factors, dedifferentiate, stretch, and migrate to cover the 
basement membrane for reestablishment of functional 
epithelial cells for barrier, host defense, and fl uid equi-
librium. Third, proteolytic cleavage of the provisional 
matrix returns the steady-state composition.33 Using mor-
phologic methods, these changes are observed to occur 
within hours following mechanical injury.8,11

Epithelial Cell Dedifferentiation 

Soon after injury (1–2 hr), the epithelial cells at the edge 
of the wound undergo dynamic cytoskeletal rearrange-
ment resulting in changes in morphology, featuring for-
mation of lamellipodia.14 This is the result of the loss of 
components of cell–matrix and cell–cell junctions leading 
to dissolution of focal adhesions, adherens junctions, and 
hemidesmosomes, untethering of intermediate fi laments, 
and thus reorganization of the actin cytoskeleton. The 
change in morphology is accompanied by loss of features 
of differentiation (e.g. microvilli) as cells spread over the 
newly formed surface of provisional matrix. Following 
mechanical or naphthalene (selectively toxic for Clara 

Table 45.1. Stages and components of repair after epithelial 
cell injury.

1. Formation of provisional matrix
 Loss of epithelial cells during injury
 Loss of normal basement membrane matrix
 Vascular-derived factors for fi brin clot production
2. Restitution of the epithelial barrier
 Epithelial cell dedifferentiation, spreading, and migration
 Integrin-dependent epithelial cell signaling
 Proteolytic degradation of intracellular adhesions
 Subepithelial fi broblast migration and proliferation
3. Reconstitution of epithelial cell density
 Growth factor–mediated epithelial cell proliferation
 Progenitor and stem cell cycling
4. Epithelial cell redifferentiation
 Growth/transcription factor–mediated epithelial cell differentiation
 Metaplasia and hyperplasia of epithelial cell populations
 Compensatory apoptosis of cell populations
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cells) injury, the ciliated cells assume a squamous cell-like 
form and lose cilia.7,8,16 Molecular marker studies indicate 
that following naphthalene injury virtually all of the cells 
participating in the squamous cell-like barrier are from 
endodermally derived epithelial cells that were present 
at the time of injury.34,35

Signals for Dedifferentiation

Regulation of cell dedifferentiation is thought to result 
from alterations in matrix–integrin binding, growth factor 
secretion, and loss of cell–cell junctions. The Wingless 
(Wnt)/β-catenin pathway is intimately related to cell–cell 
junction complexes and epithelial cell differentiation.36 
Following injury, the disassembly of E-cadherin at cell 
junctions releases β-catenin to the cytoplasm where it 
can be translocated to the nucleus in a Wnt-dependent 
process.37 Nuclear β-catenin activates signaling via the 
transcription factor lymphoid enhancer factor-1/T-cell 
factor. Consistent with this, after naphthalene-induced 
injury, β-catenin is diffusely upregulated in the cytoplasm 
of epithelial cells that are dedifferentiating to cover the 
provisional matix.38

Epithelial Cell Migration 

In large wounds, both cell extension and migration occur. 
The rate of cell migration based on a moving front of cells 
has been determined to be 1–3 μm/min over the fi rst 8 hr 
of mechanical injury.8 Migration is dependent on growth 
factor activation, matrix–epithelial integrin binding, 
and matrix metalloprotease expression. Migration can be 
activated by growth factors such as epidermal growth 
factor (EGF) and trefoil factor in airway cell models; 
however, it is likely that other growth factors in serum 
also potentiate cell movement.39,40 The predominant cell 
that migrates varies with the injury model, the cell type 
targeted, and the animal species studied.17,35,41 In all cases, 
the matrix integrins play a critical role in directing epi-
thelial adhesion and fi broblast movement into the wound. 
Simultaneously, proteases from epithelial and mesen-
chymal sources release cell–cell and cell–matrix contacts 
for epithelial cell cytoskeletal reorganization and 
migration.

Matrix–Epithelial Cell Interactions 
During Migration

Migrating cells must alter surface receptors for adhesion 
and traction across the provisional matrix. Integrins are 
heterodimeric proteins that adhere to many matrix 
substrates27 but also transmit signals after ligation of 
substrate.42 Alveolar and bronchiolar epithelial cells 
demonstrate directional migration (both chemotactic and 
haptotactic) toward many matrix proteins. Fibronectin is 

the most potent promigratory substance for these cells.12,28 
There is a switch in the expression of integrin receptors 
on epithelial cells during injury that facilitates migra-
tion over the provisional matrix. During steady state, the 
matrix-associated receptors in lung epithelial cells are 
predominantly collagen and laminin binding integrins 
(α2β1, α3β1, and α6β4) but α5 and αv are not present.43 
With injury, integrins α5 and αv are expressed on epithe-
lial cells at the wound edge.43 These integrins are specifi c 
receptors for RGD epitopes in fi bronectin and vitronec-
tin and are required for migration.12,28 Fibroblasts also 
express α5 to facilitate migration on fi bronectin. In addi-
tion to integrins, cell surface proteoglycan adhesion mol-
ecules such as syndecan and CD44 are also increased on 
migrating fi broblasts to bind components of provision 
matrix.44,45

Protease Functions in Epithelial 
Cell Migration

Two major categories of proteases are involved in cellu-
lar spreading and migration, matrix metalloproteases 
(MMPs) and serine. These proteases function by releas-
ing epithelial cell–cell junctions and primordial contacts 
with the matrix. Of the MMPs, both MMP-7 and MMP-9 
are required for normal airway epithelial cell migra-
tion.46,47 Migrating epithelial cells secrete MMP-7 (matri-
lysin) in a basolateral direction to degrade the extracellular 
domain of E-cadherin,46 contributing to cell detachment 
and spreading at the wound edge. Gelatinase B (MMP-9) 
releases lamellipodia of migrating cells from the matrix 
surface to allow extension.47,48 Tissue inhibitor of matrix 
metalloproteinase (TIMP)-1 present in early wounding 
inhibits all secreted MMPs (including MMP-7 and MMP-
9). A defi ciency of this antiprotease accelerates wound 
closure.49 Serum-derived serine protease plasminogen 
within the wound is activated to plasmin by uroplasmino-
gen activator secreted by bronchial epithelial cells.50 The 
primary role of plasmin is fi brinolysis of the provisional 
fi brin plug. Plasmin also promotes MMP synthesis and 
activation.48 Plasmin activator inhibitor-1 is also present 
and blocks migration by binding to and obscuring vitro-
nectin epitopes.51 Fibroblasts also require proteases for 
migration, and membrane type 1 MMP (MT1-MMP, 
MMP-14) may be crucial for migration through fi brillar 
collagen and fi brin.52 Additionally, infl ammatory cells 
present in the wound can alter the activation of these 
proteases and alter the epitopes present in the provi-
sional matrix.53

Reestablishment of the Normal 
Basement Membrane 

Epithelial cells synthesize and remodel basement 
membrane components during migration. Migrating 
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epithelial cells grown on glass slides secrete a trail of 
synthesized basement membrane composed of fi bronec-
tin, laminin, collagen IV, and factors that newly arriving 
cells can use as a path for repairing a wound.54 Other 
matrix components such as HSPGs, entactin/nidogen, 
and fi brillar collagens are supplied by the underlying 
fi broblasts. Restitution of basement membrane also 
requires removal of the provisional matrix. Failure to do 
so may result in prolonged signaling, recruitment of fi bro-
blasts, and scar formation.55 Furthermore, reestablish-
ment of stable cell–matrix adhesions is not passive, and 
some proteases must continue to be expressed for pro-
teolytic modifi cation of the basement membrane.54,56 For 
instance, laminin-5, the major matrix component of 
hemidesmosomes, requires proteolytic cleavage by serine 
proteases for enucleation of the hemidesmosomes.56 
Once the basement membrane and extracellular matrix 
are in the mature, stable confi rmation, promigratory 
signals are quenched.

Reconstitution of Epithelial Cell Density

Epithelial Cell Proliferation 

Following epithelial cell stretch and migration to cover a 
reestablished basement membrane, the epithelium must 
replace the cells lost during injury. A major mediator of 
proliferation during this stage is EGF and related family 
members; however, other growth factors, including fi bro-
blast growth factor (FGF)-7 and hepatocyte growth factor 
(HGF), contribute to this function (Table 45.2) and are 
discussed later.57–59 Epithelial cell proliferation has been 
noted to occur within 24–48 hr of mechanical and inhala-
tion injury (e.g., ozone, nitrogen dioxide).7,8,13,18 After 
injury, 20%–30% of undifferentiated epithelial cells cov-
ering the wound contain proliferation markers at 24–
48 hr, followed by a marked decrease by 72 hr.8,13,41,60 After 
nitrogen dioxide injury, an increase from 1% to 24% 
labeling index (proportion of labeled cells) of Clara cells 
and type II cells is observed at 24 hr.41 The appearance of 
differentiated epithelial cells follows the peak of mitotic 
activity (the fi nal stage in the repair model).10

Lung Progenitor and Lung Epithelial Stem 
Cells Roles

Observations many decades ago, based on thymidine 
labeling during development and after injury, suggested 
that the basal cell was the progenitor cell of the tracheal 
epithelium, the Clara cell provided this function in the 
distal airway,61,62 and type II cells proliferated and gave 
rise to type I pneumocytes in the alveoli.18,63 Recent 
injury–repair models and genetic approaches have con-
fi rmed many of these observations. Lineage tagging by 
conditional recombination in mice engineered with 
airway and alveolar epithelial cell specifi c promoters that 
drive cell markers has identifi ed a single pool of progeni-
tor epithelial cells present during early lung develop-
ment.64 Within fully formed adult lung, injury models 
reveal regional niches (proximal airway, distal airway, 
alveolar) for progenitor cells.34,64–66 These lung cells are 
considered to be slow cycling but can give rise to progeni-
tor cells that are capable of further cell division (transit 
amplifying cells). In the proximal airway, a niche of label-
retaining cells has been localized within the submucosal 
glands and basal cells of the mouse trachea.65,67 The 
expression of cell cycle protein Ki-67 in basal cells of 
cystic fi brosis bronchi identifi es a similar proliferating 
population in human disease.68

In the distal airways, naphthalene injury models suggest 
that pulmonary neuroendocrine cells provide a protec-
tive niche for label-retaining Clara-like cells that are 
capable of epithelial reconstitution.35 Similar studies 
identifi ed injury-resistant cells expressing Clara cell 
secretory protein (CCSP) at the bronchoalveolar duct 
junction that are reparative.34 Consistent with this, in the 
terminal airways of humans, 20%–40% of the proliferat-
ing cells express CCSP.69 Cells expressing ciliated cell 
markers (e.g., transcription factor Foxj1) were not 
observed to proliferate in naphthalene or virus injury 
models.17,38 Progenitor cells that repair the alveolar epi-
thelium are less well defi ned. During alveolar injury, 
labeling studies show that type II but not type I cells 
proliferate and that type II can generate type I cells after 
lung injury.70 Subpopulations of type II alveolar epithelial 

Table 45.2. Growth factors in epithelial cell repair.

Ligand Major sources Key targets Proliferation Migration Differentiation Reference

EGF family Epi Epi + + + 57

TGF-β Epi, Fib, Mφ Epi, Fib − − + 58

FGF-7 (KGF) Fib, SM Epi + + + 59

HGF Fib, En, Epi, Mφ Epi + + − 59

PDGF Mφ, Epi Fib + + − 31

Note: EGF, epidermal growth factor; En, endothelial; Epi, epithelial; FGF, fi broblast growth factor; Fib, fi broblast; HGF, hepatocyte growth 
factor; KGF, keratinocyte growth factor; Mφ, macrophage; PDGF, platelet-derived growth factor; SM, smooth muscle; TGF, transforming growth 
factor.
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cells resistant to injury and capable of proliferation have 
been identifi ed in vitro,71 but compelling data suggests 
that a bronchoalveolar duct cell may function as a pro-
genitor for both alveolar type II pneumocytes and Clara 
cells.72

Bone Marrow Stem Cells in Repair

New information is evolving concerning the reparative 
role of bone marrow–derived cells in lung injury repair 
(see Chapter 47). Some evidence suggests that adult stem 
cells can function to reconstitute at least a small percent-
age of the airway and alveolar epithelium of an injured 
lung.66

Growth Factor Functions in Epithelial Cell 
Reconstitution

Signaling between cells of endodermal and mesenchymal 
origin is a fundamental process in development that is 
shared with repair and is predominantly mediated by 
growth factors (see Table 45.2 and later discussion).73,74 
Growth factors that play key roles in epithelial cell repair 
include EGF, transforming growth factor (TGF)-β, FGF-
7, platelet-derived growth factor, and HGF family 
members. Other growth factors are known to be critical 
in lung development, but specifi c roles in repair are not 
described.73,74 Growth factors function during epithelial 
cell repair and reconstitution by motogenic, mitogenic, 
and prodifferentiation effects.

Epithelial Cell Redifferentiation

Differentiating epithelial cells within a repairing wound 
arise primarily from three different populations: dediffer-
entiated cells, proliferating cells, and multipotent stem or 
progenitor cells. In turn, differentiation is regulated by 
three major groups of molecules: secreted growth factors 
and other developmental signaling molecules, transcrip-
tion factors, and extracellular matrix proteins (discussed 
earlier). In addition, multiple cofactors play important 
roles in differentiation, including retinoic acid75 and those 
known to be critical for in vitro differentiation of primary 
epithelial cells such as insulin, epinephrine, thyroid 
hormone, and corticosteroids.70,76 Epithelial cell differen-
tiation during repair relies on programs similar to those 
used during lung development.17,38,73

Epithelial Cell Redifferentiation 
and Transdifferentiation

Morphologic evidence of redifferentiation commences at 
3–10 days in vivo depending on wound model.7,8,11 Multi-

ple epithelial cell populations contribute to the redif-
ferentiating airway epithelia within the repairing 
wound.34,38,62,67,77 First, a large number of the redifferenti-
ated cells arise from previously differentiated cells that 
have dedifferentiated to cover the provisional matrix. 
It has been observed that, following naphthalene injury, 
former ciliated cells that squamate to cover a wound 
continue to express the Foxj1 transcription factor for sub-
sequent ciliated cell redifferentiation.38 Second, prolifer-
ating cells also become differentiated cells. As noted 
earlier, these are either of Clara cell or basal cell origin 
in the airway or of type II cell origin in the alveolar com-
partment.78,79 Third, it is likely that there is a multipotent 
or progenitor cell that can contribute to lung-specifi c 
lineages that is capable of resupplying all epithelial cell 
types. Here, genetic tagging and clonogenic studies have 
indicated that niches of specialized cells can generate 
multiple differentiated cell types.65,67,72

Developmental Signaling Pathways 
Mediating Differentiation

Developmental signaling proteins that are members of 
the Wnt, Sonic hedgehog (Shh), and bone morphogenic 
protein (BMP) pathways play essential roles in differen-
tiation.73,74 Each pathway contains multiple members and 
receptors that are functionally interdependent. Although 
these families have been studied in detail during lung 
development (specifi cally in branching morphogenesis), 
their roles in repair are not as well defi ned.

Wnt signaling regulates cell proliferation, migration, 
and differentiation.36,80 The canonical Wnt/β-catenin 
pathway involves the binding of Wnt ligands to the recep-
tor complex and regulation of β-catenin. Noncanonical 
Wnt signaling, such as utilized by Wnt5, is required for 
normal alveolar differentiation and alters expression of 
Shh and BMP4.80 Sonic hedgehog is expressed in devel-
oping lung epithelium where it signals through its recep-
tor Patch to activate the transcription factor Gli. Gli1 and 
Gli2 are expressed in developing lung mesenchymal cells 
budding from the foregut and instruct the tracheal epi-
thelial cells during branching morphogenesis.81 However, 
Shh and Gli are also highly expressed in the epithelium 
following naphthalene injury and are upregulated in 
small cell lung cancer.82 Overactivation of the Shh 
pathway results in proliferation and perturbation of dif-
ferentiation, notably in epithelial neuroendocrine cells of 
the lung, but the role in normal lung epithelial cells is 
unclear.82 BMP4 is expressed in the lung epithelium, 
regulates proximal–distal patterning, and is required 
for normal alveolar epithelial cell differentiation.83 This 
pathway may be interrupted in infl ammatory states 
where activation of transcription factor NF-κB has been 
shown to alter epithelial–mesenchymal signaling through 
interruption of BMP4 in a chick lung model.84
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Transcription Factors Mediating Differentiation 
Following Injury

Transcription factor expression in epithelial cells during 
injury and repair also recapitulates developmental 
sequences.17,38 Transcription factors with central roles in 
lung epithelial cell differentiation are homeodomain 
thyroid transcription factor 1 (TITFI or TTF-1; Nkx2.1), 
forkhead family members (Foxa1, Foxa2, Foxj1), and 
GATA-6.85 Lung morphogenesis requires both Gli and 
TITF-1.86,87 Molecular analysis of mice defi cient in TITF-
1 showed a requirement for this factor in differentiation 
of epithelial cells of the distal airways and alveoli.86 
Thyroid transcription factor 1 and Foxa2 are expressed 
in epithelium in early development, persist in the adult, 
and activate epithelial cell-specifi c genes such as surfac-
tant proteins and CCSP, suggesting major roles in epi-
thelial differentiation.85 Persistent Foxa2 and TITF-1 
expression during injury in airway and alveolar (type II) 
epithelial cells may be due to a relative resistance of some 
cell populations and indicates that early programs of epi-
thelial cell differentiation remain intact.17,38,78 Selective 
cytotoxic injury of alveolar epithelial cells markedly 
increased transient expression of Foxn1 in airway and 
alveolar proliferating cells; however, a specifi c role for 
this factor in differentiation has not been described. Foxj1 
is expressed later in repair when it is required for cilio-
genesis.17,38,88 Similarly, GATA-6 is required for differen-
tiation of alveolar epithelial cells and the transition of 
type II to type I cells.89

Metaplasia and Compensatory 
Apoptosis of Epithelial 
Cell Populations

Mucous cell metaplasia commonly occurs during abnor-
mal airway repair. Injury-associated infl ammatory cells 
secrete proteases (neutrophil elastase) and cytokines 
(e.g., IL-13 and IL-9) to induce mucous cell metaplasia 
in animal models and human disease.90–93 Metaplasia may 
be persistent or be remedied through apoptosis.94 In 
normal repair of alveolar epithelium, type II cell hyper-
plasia after lung injury is followed by compensatory 
apoptosis.95,96

Roles for Growth Factors in Epithelial 
Cell Repair

Growth factor–mediated signaling between cells is a con-
stant feature of repair and does not exist as a discrete 
stage of repair; however, specifi c growth factors may 
dominate at one point. Several growth factors with roles 

in injury an repair are noted in Table 45.2 and discussed 
in this section.

Epidermal Growth Factor Family

Epidermal growth factor is the prototypic member of the 
EGF family of ligands.57 Epidermal growth ligands are 
key factors in airway and alveolar epithelial repair 
through their activation of epithelial cell migration, pro-
liferation, and differentiation.15,39,40,92 The EGF receptor 
Her1 (EGFR, ErbB1) and other family members (Her2–
4) are receptor tyrosine kinases with affi nity for multiple 
EGF ligands, including TGF-α, heparin binding EGF, 
amphiregulin, epiregulin, and neuregulin. Signaling occurs 
after homo- or heterodimerization of receptor family 
members. At steady state, EGF receptors are localized 
predominantly on the basolateral surface of epithelial 
cells, providing ligand–receptor exclusion. Following 
injury, there is redistribution of receptors to apical cell 
surfaces, enhancing ligand-receptor interaction and sub-
sequent repair.79,92,97 Epidermal growth factor, TGF-α, 
and other ligands are elevated in human disease (e.g., 
cystic fi brosis, asthma) and cell and animal models of 
airway and alveolar epithelial cell injury.68,97–99

Transforming Growth Factor-β Family 

Transforming growth factor-β functions in both epithelial 
maintenance and injury–repair.21,58 The three TGF-β 
forms all signal through the same receptor but have 
unique functions.100 Abundant latent TGF-β is stored 
within the extracellular matrix at steady state and is acti-
vated after injury through proteolytic and nonproteolytic 
mechanisms.58 Transforming growth factor-β activation 
results in increased synthesis of matrix factors by epithe-
lial cells and fi broblasts, differentiation of epithelial cells, 
enhanced survival and proliferation of fi broblasts, inhibi-
tion and apoptosis of infl ammatory cells, and maturation 
of certain infl ammatory cell subsets. Failure to activate 
TGF-β in the lung matrix results in excessive infl amma-
tion and lung destruction.101 Excessive or prolonged 
TGF-β activation leads to fi brosis (see Chapter 46). It 
also prevents normal epithelial cell differentiation due to 
TGF-β signaling via Smad that inhibits TITF-1 to subse-
quently reduce surfactant protein gene expression.102 
Additionally, TGF-β promotes epithelial-to-mesenchymal 
transdifferentiation.103

Fibroblast Growth Factor

Fibroblast growth factor-7 (keratinocyte growth factor 
[KGF]) functions as a potent mitogen for both Clara and 
type II cells.104,105 In lung injury, FGF-7 is produced by 
fi broblasts and vascular smooth muscle cells and has high 
affi nity for only the FGFR2-IIIb splice variant that is 
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expressed on airway and alveolar epithelia.59 Proinfl am-
matory cytokines stimulate fi broblast production of FGF-
7 in vitro.106 Fibroblast growth factor-7 enhances epithelial 
cell spreading and motility107 by increasing MMP-9 and 
uroplasminogen activator secretion from wounded epi-
thelial cells.108 It also enhances differentiation and surfac-
tant synthesis by alveolar type II cells.109 Fibroblast growth 
factor-7 is elevated in human ARDS bronchoalveolar 
lavage fl uid and in models of acute lung injury.59 Exoge-
nous intratracheal or systemic delivery prior to lung 
injury ameliorates damage in animal models.59

Hepatocyte Growth Factor

Hepatocyte growth factor is a mitogen and motogen for 
alveolar type II cells.59 Hepatocyte growth factor is syn-
thesized by fi broblasts, bronchial epithelial cells, endothe-
lial cells, and alveolar macrophages as a precursor that is 
proteolytically processed.110 The HGF receptor c-Met is 
a receptor tyrosine kinase that is present on epithelial 
cells, fi broblasts, endothelial cells, and hematopoietic 
cells. Hepatocyte growth factor is increased in human and 
animal models of lung injury, in part through proinfl am-
matory cytokines (e.g., IL-1 and IL-6) that stimulate HGF 
secretion from fi broblasts.59 Following alveolar epithelial 
cell injury, HGF secretion precedes FGF-7111 and is tem-
porally related to type II cell DNA synthesis during the 
cell proliferation phase, suggesting that HGF is a promi-
nent mitogen in ARDS.59

Epithelial Cell Repair Following 
Prototypic Injuries

Human diseases characterized by respiratory epithelial 
cell injury provide insight into normal and abnormal 
repair mechanisms. Epithelial injury and repair occur 
commonly after respiratory viral and bacterial infections 
but may also occur with acid aspiration or toxic gas or 
steam inhalation. In contrast, chronic injury associated 
with cigarette smoking, asthma, and chronic bronchitis 
results in an interruption of normal repair. Normal and 
pathogenic mechanisms that follow acute respiratory epi-
thelial injury in human disease demonstrate the impor-
tance of each stage of the injury–repair model described 
earlier (see Figure 45.1). Below, events occurring during 
repair of the airway after respiratory virus infection 
(Figure 45.2) and of the alveolar epithelium in ARDS 
demonstrate the relevance of the repair model.

Airway Epithelial Cell Repair Following 
Respiratory Virus Infection

Reestablishment of epithelium following viral injury 
mirrors the stages of the classic wound injury–repair 

model (compare Figures 45.1 and 45.2). Information 
regarding airway epithelial injury induced by respiratory 
viruses has been derived from natural human infections, 
but especially from studies of experimental infections 
in animals with paramyxovirus (e.g., parainfl uenza and 
respiratory syncytial virus) and infl uenza virus. These 
infections result in loss of cilia and ciliated cells (based 
on virus-specifi c receptor targeting) and metaplasia of 
epithelial cells during repair.17,112–115

Morphologic Events Following Respiratory 
Virus Infection

Morphologic events of injury and repair following respi-
ratory virus infection, as observed by electron and light 
microscopy studies, are similar across several animal 
infection models (see Figure 45.2A). A common initial 
event is sloughing of epithelial cells, resulting in denuded 
basement membrane in airways and alveoli.17,112 This is 
followed by cell dedifferentiation, marked particularly by 
cell elongation covering the provisional basement mem-
brane and by ciliary shorting and loss.17,112,113 Concomi-
tant are subepithelial cell infl ammatory infi ltrates and/or 
alveolar pneumonitis.113 Virus clearance is coupled with 
regeneration of the epithelium, typically at days 5–8 
postinoculation. In contrast to mechanical injury, 
experimental virus infection in animals showed that 
airway and alveolar epithelial cell proliferation occurred 
at 5 days after inoculation.17,113 In the Sendai virus–
infected mouse, bromodeoxyuridine labeling peaked at 
day 12 and was absent by day 21.17 Airway and alveolar 
epithelial cell differentiation normalizes within 3–4 weeks 
postinoculation.17,112,113 Functionally, injury is marked by 
decreased bacterial clearance and secondary bacterial 
infections, and repair tracks with measured mucociliary 
clearance.17,113

Molecular Correlates of Morphologic Events

Molecular markers of epithelial cell differentiation char-
acterized in the developing lung have been assessed in 
postinfection repair (see Figure 45.2B).17,85 As in naph-
thalene injury, throughout virus injury and repair Foxa2 
and TITF-1 remain expressed.38 Depressed expression of 
ciliated cell marker Foxj1 and Clara cell marker CCSP 
during injury and early repair refl ects a relatively undif-
ferentiated state of the epithelium as has been observed 
following human respiratory syncytial virus infection.17 A 
relative absence of CCSP in epithelial cells postinjury 
suggests it is unlikely that mature Clara cells are function-
ing as a reservoir for new differentiated cells. Foxj1 
expression was not detected in proliferating cells identi-
fi ed by bromodeoxyuridine labeling,17 suggesting mature 
ciliated cells are nonmitotic. Instead, it is more probable 
that Foxj1 is important for late-stage ciliogenesis.88 The 
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sequence of differentiation during the repair phase, 
including the lag of CCSP expression relative to the 
appearance of cilia markers, is similar to that seen in the 
developing lung, supporting the idea that repair recapitu-
lates development.85

Mucous Cell Metaplasia Following Respiratory 
Virus Infection

Mucous cell (goblet cell) metaplasia is a feature of chronic 
airway diseases including asthma and COPD. These 
diseases have been linked to preceding respiratory 
virus infections and have implicated several factors 
including aberrant EGF receptor and IL-13 signaling.92 
Mouse models of respiratory virus infection show 
mucous cell metaplasia in the late repair phase that per-
sists despite virus clearance, suggesting that the virus 

reprograms epithelial cell responses through persistent 
immune responses.92,93,116,117

Alveolar Epithelial Cell Repair Following 
Acute Respiratory Distress Syndrome

Acute lung injury and the clinical manifestation ARDS 
are a classic example of alveolar injury and repair. Diffuse 
alveolar damage, the histologic correlate of acute lung 
injury/ARDS has been subdivided into three phases that 
parallel the wound–repair model.22 The early exudative 
phase (days 1–7) is characterized by necrosis of pneumo-
cytes and endothelial cells and by interstitial and alveolar 
edema with hemorrhage and hyaline membranes. The 
ensuing proliferative phase (days 7–21) is marked by type 
II cell hyperplasia, fi broblast migration into organizing 
areas of luminal fi brosis, and infl ammation. The fi brotic 
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Figure 45.2. Airway epithelial cell repair following respiratory 
viral injury. (A) Scanning electron micrographs of mouse 
trachea following in vivo infection with Sendai paramyxovirus. 
(Reprinted from Am J Pathol 2001;159:2055–2069, with permis-
sion of the American Society for Investigative Pathology.) 
(B) Molecular and functional events following the respiratory 

virus infection shown in A. Relative changes in expression of 
airway epithelial cell markers and transcription factors. CCSP, 
Clara cell secretory protein; Foxj1, transcription factor; MCC, 
mucociliary clearance; TITF-1 (also known as TITF1, Nkx2.1), 
thyroid transcription factor 1. 
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phase entails fi brosis with variable degrees of architec-
tural remodeling.

Establishment of a Provisional Matrix in 
Acute Respiratory Distress Syndrome

The hallmark of the early exudative phase is the leakage 
of serum proteins, including serum albumin, β2-
microglobulin, ceruloplasmin and fi brinogen, into the 
alveolar space for provisional matrix formation.22,118 An 
infl ux of platelets and infl ammatory cells also occurs by 
passive and active mechanisms. Antiprotease production 
in this phase favors stabilization of the provisional matrix 
by inhibition of fi brinolytic activity.23 Gene profi ling of 
animals in this phase of acute lung injury suggests that 
three major cellular processes occur: (1) loss of the func-
tional activity of differentiated type II cells, (2) produc-
tion of inhibitors of the serine and matrix metalloproteinase 
family, and (3) production of cytokines and growth 
factors.23 The loss of differentiated alveolar epithelial 
cells (type II cells) is likely due to injury and dedifferen-
tiation to replace necrotic type I cells and is marked 
by decreased ion channel and surfactant-associated 
gene production.23 Transforming growth factor-β1-
induced genes are rapidly upregulated within 72 hr after 
alveolar epithelial damage.23,119 Blockade of TGF-β sig-
naling in the exudative phase prevents alveolar edema, 
suggesting that TGF-β activation inhibits alveolar epithe-
lial repair during this stage.120

Restitution and Reconstitution of the 
Epithelial Cell Barrier

The proliferative phase is characterized by migration of 
alveolar epithelial cells over the provisional matrix and 
type II cell proliferation. These processes are responsive 
to growth factors EGF and KGF as well as to matrix 
RGD epitopes.28 Also during this phase, fi broblasts and 
myofi broblasts migrate toward the fi bronectin cross-
linked within the fi brin of the provisional matrix.25 Failure 
of repair, associated with inability to reconstitute the epi-
thelial barrier, results in fi broblast/myofi broblast pro-
duction of collagen and fi bronectin, contraction, and 
fi brosis.

Summary: Epithelial Cell Repair 
Following Injury

Repair of the epithelium can be conceptualized as a 
stage-dependent process, but lines of division of biologic 
activities are not discrete. Instead, an orchestration of 
mesenchymal and epithelial interactions directed by 
matrix and epithelial signaling in response to fundamen-
tal development, growth, and matrix factors results in the 

repair process. Models of repair after respiratory viral 
infection and acute lung injury provide useful informa-
tion for understanding the molecular basis of repair in 
human lung diseases.
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