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Processes Involved in the Repair
of Injured Airway Epithelia
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Abstract. Recent studies have uncovered many aspects of the repair processes that follow airway epithelial injury.
Although the repair process has common elements among various epithelia, such as the ones lining the airways,
skin, and gut, there are differences based on their diverse functions. Whenever possible, similarities are pointed
out that could help researchersfurther investigate their application to airway epithelia, although it would be beyond
the scope of this review to cover the processes that may occur during the repair of al types of epithelia. In general,
five major steps are involved in the recovery of airway epithelia from injury: 1) epithelial cells migrate to cover
denuded areas within minutes, and certain proteins, such as the trefoil factor family proteins, are crucia to this
process; 2) epithelia cells start to proliferate in order to replace injured cells and to differentiate to establish
squamous or mucous cell metaplasia; 3) because more epithelia cells are present after proliferation, some of the
cells must be discarded to restore the epithelium to the original condition; 4) once the cell numbers have been
reduced to those found in unexposed individuals, the normal proportions of cell types are restored; 5) findly,
studies from exposures of rats to ozone show that epithelial cells can adapt and develop a memory of the chronic
exposure to which they were exposed. This adaptation allows the epithelium to respond quickly, thus minimizing
further injury. Although the molecular mechanisms involved in these mgjor steps of the recovery process are largely
unknown, disruption of these steps clearly causes the permanent changes observed in diseases such as asthma, chronic
bronchitis, and cancer; therefore, extensive research of these mechanisms may provide ideas for novel therapies.
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I ntroduction

Epithelia of the skin, cornea, and the digestive, res-
piratory, and reproductive tracts are constantly exposed
to insults from the outer world. These insults range
from mechanical injury of epithelial cells to irritation
by environmental pollutants and infectious agents. Such
exposures initiate inflammatory responses and result in
protective responses, including clearance of inflamma-

tory cells and repair of the damaged area. Under-
standing the events that lead to a repaired epithelium is
critical, because disruption of these regulated events
may cause unregulated cell growth and deadly cancers
or chronic disease, including bowel disease, Crohn’s
disease, asthma, and chronic bronchitis. This review
focuses on the events involved in the repair of respir-
atory epithelia and uses examples from other organs to
describe the mechanisms involved.

Abbreviations used: MCM — mucous cell metaplasia, BrdU — bromodeoxy uridine, LPS — lipopolysaccharides, AB/PAS — acian

blue/periodic acid schiff.
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Migration of Epithelial Cells
to Cover Denuded Areas

Because injury often leads to desquamation of cells
from the epithelium, the migration of neighboring cells
isan important component of the repair process. Within
minutes after injury, epithelial cells from neighboring
areas migrate to the denuded area to form the initial
coverage®. Microcirculation-derived factors along the
intact basement membrane promote rapid re-epithelial-
ization'8, Epithelial cells start to migrate within minutes
after damage, long before cells initiate proliferation,
and this process is termed restitution®. The family of
trefoil factor family (TFF) peptides, TFF1, TFF2, and
TFF3, act as motogens during in vitro wound-healing
assays of respiratory epithelia'® by activating the pro-
tein kinase C and extracellular signal-regulated kinase
(ERK) pathway®. The TFF proteins show protective or
healing effects in vivo for the gastrointestina tract®,
and on the basis of their mitogenic activity in vitro'°,
one assumes that similar roles also would be observed
in respiratory epithelia.

The transmembrane receptor subunit gpl30 acti-
vates two signaling modules in cells of the gastrointes-
tinal tract. The signal transducers and activators of tran-
scription 3 (STAT3) and the Src-homology tyrosine
phosphatase 2 (SHP2)-Ras-ERK pathways emanate
from this receptor and maintain cellular homeostasis by
balancing positive and negative signals®. Targeted ab-
lation of each pathway by generating knock-in muta-
tions in mice shows that the mucosal wound healing in
the gut depends on activation of STAT3, whereas gas-
tric hyperplasia ensues when activation of both path-
ways is not coordinated®. Simultaneous and balanced
activation of the two signaling pathwaysis essential not
only to mediate epithelial migration, but aso to stop
cytokine-mediated proliferation of these cells. These
studies show a close interaction of the mechanisms that
control migration and proliferation of epithelia cells
following injury.

Proliferation and Regulated Differentiation
of Epithelial Cells Following Injury

The rapid migration of epithelial cells is followed
by proliferation of epithelial cellsto replace the injured
cells. VerMEER et a. % recently reported that in differen-
tiated airway epithelia the ligand for erB2, heregulin
o, is present exclusively in the apica membrane, and
the overlying airway surface liquid is physically separ-
ated from the receptor, which is segregated to the ba-
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solateral membrane. Whenever epithelia integrity is
disrupted, heregulin o can access its receptor at the
edge of the wound and promote cell proliferation. This
mechanism alows epithelial cells to stand poised and
promote their own healing. The significance of this
finding liesin the concept that, in general, compartmen-
talizing the signaling components may control respon-
ses of the epithelial cells'.

Interestingly, littleis known about the cell types that
proliferate at this stage. They are believed to be derived
from stem-like cells, also caled “early and late tran-
sient amplifying cells’ that are directly derived from
stem cells’. Studies using denuded tracheal grafts
showed that both basal and secretory cells “dedifferen-
tiate” into a similar highly proliferative phenotype and
“redifferentiate” to and from a mucociliary epithe-
lium2. Therefore, in the tracheal epithelium, both basal
and secretory cells appear to have the potential of pro-
liferating to reconstitute the epithelium?. Interestingly,
these stem cells seem to have the ability to produce the
appropriate mixture of cell types in the course of such
regeneration.

To restore the function of the epithelium, prolif-
erating cells undergo differentiation into the cell types
of interest. This differentiation is affected by the type
of injury and the cell types required for protection from
further insult. For example, lipopolysaccharide (LPS)
ingtillation causes extensive inflammation and prolife-
ration followed by a massive mucous cells metaplasia
(MCM)®, Alternatively, exposure to high concentra-
tions of cigarette smoke for an extended time changes
the mucociliary epithelium lining the proximal septum
of the nose into a squamous phenotype, which is called
squamous metaplasia®®. It will be crucial to identify the
local chemical signals released in tissues that can ac-
tivate such differentiation pathways. In general, all
findings agree that proliferation must stop before
cells can differentiate to carry out the appropriate
function.

Our recent study in LPS-instilled rats shows that
bromodeoxy uridine (BrdU)-positive mucous cells are
essentialy absent in non-instilled control rats, but are
increased 5-fold from 5 to 26 mucous cellmm basal
lamina 48 h after LPS ingtillation. Adjacent cells show
BrdU positivity, suggesting that the two cells were a re-
ault of cel divison. The number of BrdU-positive cells
a 48 his similar to the increase of total epithelid cells®.
In addition, the sum of the decrease in serous cells and
the increase in the totd numbers of epithelia cdls ap-
proximate the numbers of MCM &t 48 h post intillation.
These observations show that the increase in epithelial
cell number consists of MCM.
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Many questions remain to be answered to clarify the
molecular mechanisms regulating differentiation in air-
way epithelia: 1) the proliferating transient amplifying
cells are multipotent and can differentiate into several
types of cells, such as mucous cells, squamous cells, or
ciliated cells; 2) in addition, these cells must sense the
proportion of the cell types in such epithelium to form
the original composition of cell types in the right pro-
portion'®. How the population of proliferating epithelial
cells decides which cells should become mucus-pro-
ducing, ciliated, or another type of cdll is still a puzzle
to airway biologists. Errors during such a regeneration
process may be associated with tissue damage and
metaplastic changes in chronic diseases, including as-
thma and chronic bronchitis®®.

The proliferation of airway epithelia cels is
stopped regardless of whether the injury was transient
or is chronic. One can appreciate that these regulatory
mechanisms are very robust and minimally prone to
error. Only <15% of smokers eventualy develop can-
cers of the airways®, although epithelia are repeatedly
exposed to carcinogensfor years. Mechanismsinvolved
in the cell cycle arrest are possibly related to cell-cell
interactions and are of great interest, particularly for
understanding the dysregulation during cancer progress-
ion.

Cell Death during Resolution
of Airway Epithelial Hyperplasia

Our findings suggest that 2—3 days following injury
to the epithelium the number of epithelial cells per unit
area of epithelium exceeds the numbers found in nor-
mal epithelium by approximately 20-30%?. Interes-
tingly, this increase in humbers indicates that the epi-
thelium initially produces more cells and then discards
some to reconstitute the healed epithelium. This process
implies that the organism must have established mech-
anisms to selectively remove certain cells.

Should the injury or insult to the epithelium be tran-
sient, then several mechanisms start to decrease the cell
numbers. Whether some of the metaplastic cells slough
off during this process or in part dedifferentiate to rec-
onstitute the proportion of cell types similar to that of
the original condition is unknown.

MCM isinduced in nasal epithelia following expo-
sure of ratsto ozone®* or in airway epitheliafollowing
intratracheal instillation of rats with LPS" %2, Pre-exist-
ing and proliferating airway epithelial cells can dif-
ferentiate into mucous cells following exposure to these
agents, cigarette smoke, or alergens®®. When investi-
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gating the involvement of cell death programs in the
recovery process from these hyperplastic stages, we
found that Bcl-2 is expressed in approximately 20-30%
of LPS-induced metaplasic mucous cellsin airway epi-
thelia?? or in approximately 50% of ozone-induced
MCM in epithelia lining the maxilloturbinates®. Inter-
estingly, adjacent MCM in these epithelia are heteroge-
neous in their expression of Bcl-2; some cells express
high levels, whereas others express low levels or no
Bcl-2 (Fig. 1). These observations demonstrate that
some epithelial cells are singled out to express Bcl-2
although they appear similar in histological prepara-
tions. The fact that they do not express the same genes
despite their identical morphology and their role as
mucus-storing cells indicates that mechanisms must be
in place to discriminate between epithelial cells in
metaplastic epithelia. Furthermore, the percentages of
cells to be eliminated in these respiratory epithelia and
the percentage of mucous cells that express Bcl-2 are
strikingly similar, which may indicate that Bcl-2 ex-
pression is associated with the recovery process and the
marking of cells for elimination.

Interestingly, only half of the Bcl-2-positive mucous
cellsare BrdU-positive, suggesting that the BrdU-nega-
tive but Bcl-2-positive mucous cells must have been
nonproliferating, pre-existing cells that were present
before LPS injury?. Bcl-2 can inhibit cell-cycle pro-
gression in various systems' * 7. However, the
presence of Bcl-2-positive mucous cells that are BrdU-
-negative shows that Bcl-2 does not have a cell-cycle
regulatory function in this system. In another study, we
have shown that mucous cell numbers are decreased to
background levels at least 2 days after the percentage
of Bcl-2-positive cells has decreased to levels found in
control animals?. These data support the hypothesis that
Bcl-2, an inhibitor of apoptosis, must be down-regu-
lated before the numbers of mucous cells are re-
duced.

Prolonged exposure of mice to alergen causes the
cytokine interleukin 13 that is secreted by T helper cell
type 2 (Th2) to decrease and interferon vy, which is se-
creted by Thl cdlls, to increase in the bronchoalveolar
lavage fluid®. During this time, the percentage of Bax-
-immunopositive mucous cells increases from approxi-
mately 3-25%, while the number of MCM is de-
creased”. However, Bcl-2 is not detected in these
mucous cells. The fact that Bcl-2 expression is associ-
ated with the appearance of LPS-induced MCM and
Bcl-2 is not detected in alergen-induced MCM in mice
suggests different resolution mechanisms in these two
experimental systems. Overall, approximately 25-35%
of mucus cells expressed Bax after repeated exposure
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to allergen for 15 days. TriFILIEFF et a.?” found that by
3-day post alergen exposure, approximately 30% of
epithelial cell nuclel were BrdU-positive, a marker for
cells that undergo DNA synthesis during the cell cycle.
Taken together, the observed Bax positivity in approxi-
mately 25-35% of mucus cells during the resolution of
alergen-induced MCM suggests that the Bax-positive
mucous cells may represent cells that must be elimi-
nated to recongtitute the original cell number of the
repaired epithelium. Further studies are needed to deter-
mine whether only newly formed cells express Bax and
undergo apoptosis during the resolution of metaplasia
or whether pre-existing cells also undergo apoptosis
during this resolution process. Furthermore, detailed
studies are underway to determine what distinguishes
the mucous cellsthat express these regulators of the cell
death program from neighboring mucous cells that do
not express these proteins. These studies may help us
elucidate the signals that determine which epithelial

cells are discarded during the recovery process.
Increased proliferation and decreased apoptosis in-
duce epithelial hyperplasia in the epidermis and the
upper digestive tract of Smad7 overexpressing mice™.
Together with studiesin the airways, these observations
suggest that epithelial diseases in various organs may

B
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Fig. 1. Representative photomicrographs
of axia airways at generation 5 in the left
lung lobes of rats 2 days after intratra-
cheal ingtillation with saline (S) or 1000
pg LPS (L1000). Bcl-2 detected by im-
munohistochemistry and diaminoben-
zidine shows dark brown; mucous cells
were identified by staining with alcian
blue. Bar = 20 um. Arrows show Bcl-2-
-positive and -negative mucous cells

L1000
-~

result from disruption of regulated cell death and pro-
longed persistence.

Many questions in this area remain unanswered.
Some of the questions are listed as follows: how does
the epithelium determine the number of cells that must
be eliminated to restore the original condition? Do in-
creased numbers of cells that populate the epithelium
signal that there is not enough room by gauging the
intercellular pressure? What are the signals that deter-
mine which of the epithelia cells should be discarded?
Whether the discarded cells represent abnormal or dam-
aged epithelial cellsis unknown? How does the epithe-
lium restore the normal proportions of epithelia cell
types? For example, what signals determine that a cer-
tain number of the remaining cells differentiate into
serous, Clara, ciliated, and mucous cells to reconstitute
the proportions found in normal epithelia?

Adaptive Changes in Airway Epithelia

Dr. Harkema's studies show that athough MCM
may resolve after arecovery period post injury, the epi-
thelium may not revert to exactly the original condition
at that time®. Rats exposed to 0.5 ppm ozone show



Y. Tesfaigzi: Repair of Injured Airway Epithelia

epithelial cell hyperplasia associated with concomitant
increase in the number of AB/PAS-positive mucous se-
cretory cellsin the epithelialining the maxilloturbinates
of the proximal region of the nose. After a 13-week
recovery period, MCM is reduced by 96%, but the epi-
thelial cell numbers are still 25% greater than air-ex-
posed controls. Interestingly, an acute exposure to 0.5
ppm ozone after the recovery period increases stored
mucosubstances in rats previously exposed to 0.5 ppm
0zone, but not in rats exposed to filtered air. In addition,
BrdU incorporation is absent in rats recovered from the
0zone exposure, but is present in control rats. These
studies show that a transient state of the epithelium
maintains increased numbers compared with untreated
controls. It appears that some of the cells retain a par-
tially differentiated state, which could be defined as
adaptation or a memory response to the last exposure.
This transent state may be important for a quick re-
sponse to subsequent exposures and for reducing injury
by quickly producing mucus. It is, however, not known
how the epithelium responds to repeated inflammation
and denudation.

Whether these changes that occur in response to an
injury completely reverse over alife timeis not known.
It is possible that certain changes are permanent and
induce a memory, similar to changes that occur in
adaptive immunity. The nature of such a memory and
how it is stored in epithelial cells has not been exam-
ined. However, one can easily envision that disruption
of such mechanisms may make certain individuals sus-
ceptible to developing chronic responses to environ-
mental insults.

In summary, the research to date shows that various
steps occur during the repair process of injured epithe-
lia. However, the regulatory mechanisms of these pro-
cesses still remain poorly understood and will require
intensive research. This research will require expertise
from many different backgrounds and will result in un-
derstanding the basis for debilitating chronic diseases
such as asthma and chronic bronchitis and for deadly
lung cancers.
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