Repair mechanisms in asthma

Stephen |. Rennard, MD Omaha, Neb.

Asthma is classically defined in terms of reversible airflow obstruction. It is now recognized
that histologic abnormalities, including inflammation, are a regular feature of asthma. In
addition, alterations of the structural elements of the airway wall occur regularly in asthma.
These alterations include a thickened basal lamina comprised of interstitial collagens as well
as alterations in the mesenchymal cell population with an accumulation of myofibroblasts. It
seems likely that these connective tissue alterations in the airway wall contribute to the
Physiologic abnormalities of asthma. While controversial, the long-term physiologic sequela of
asthima may depend in large part on these changes. The biochemical and cellular basis that
leads to these changes is, as yet, unknown, but recent studies suggest that a variety of cells in
the airway, including inflammatory cells and the cells of the airway epithelium, may
participate in regulating this response. (J Allergy Clin Immunol 1996;98:5278-86.)
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Asthma is most often defined in physiologic
terms.! Nevertheless, alterations in the structure of
the airways now are recognized as regular features
of asthma.>® Histologic alterations in asthma in-
clude accumulations of activated inflammatory
cells. These cells are thought to have fundamental
roles in the pathogenesis of asthma, contributing
to both acute and chronic features.® Parenchymal
cells of the airways also are altered, and smooth
muscle hypertrophy and glandular hyperplasia are
regular features.? In addition, the columnar cili-
ated epithelial cells that line the normal airway can
undergo goblet cell and squamous metaplasia.
Finally, the lumenal epithelial cells often rest on an
altered lamina reticularis.”™® Although sometimes
termed a “thickened basement membrane,” this
structure is not a true basement membrane com-
prising laminin and type IV collagen. Rather, it
consists of interstitial collagens and glycoproteins.
Together with the histologic alterations, the al-
tered structural architecture of the asthmatic air-
way likely contributes to the altered function of the
airway in asthma. Whereas the processes that lead
to these alterations are incompletely described,
this review outlines current concepts of epithelial
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Abbreviations used

COPD:  Chronic obstructive pulmonary disease
PGE: Prostaglandin E

TGF-B: Transforming growth factor-beta

repair and provides an overview of how abnormal
repair can contribute to altered function in asthma.

Repair is necessary because the airway epithe-
lium often is subject to injury from a variety of
causes. Epithelial injury, for example, can result
from such diverse agents as viruses, toxins derived
from bacterial or inhaled environmental pollut-
ants, or from mediators released from activated
inflammatory cells. That injury of the airway epi-
thelium occurs in asthma is well established. In
severe asthma, marked desquamation of the air-
way epithelium occurs.>!! Often all columnar ep-
ithelial cells may be lost, leaving a basement mem-
brane denuded except for a partial covering of the
basal cells (Fig. 1). Such injury also occurs in
milder cases of asthma. Fragments of airway epi-
thelium often can be found in the sputum of
asthmatic patients.'> > When metaplastic changes
also are present, these so called creola bodies
sometimes can be confused with clusters of adeno-
carcinoma. Individual epithelial cells can be recov-
ered by bronchoalveolar lavage, which allows their
quantification in asthma. Beasley and colleagues'*
have demonstrated that epithelial cell recovery in
bronchoalveolar lavage fluid correlates with airway
reactivity. This suggests that epithelial injury is not
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only a feature of asthma but also appears to be
related to asthma severity.

The mechanisms that lead to epithelial injury
and epithelial cell loss in asthma are not fully
understood. It seems likely that several mecha-
nisms may be involved and may vary with differing
triggers. For example, viral infection clearly can
injure epithelial cells and can lead to acute wors-
ening of asthma.'>:1¢ In contrast, allergens proba-
bly activate immune cells, resulting in the release
of active mediators.® Such products, including
those derived from eosinophils, neutrophils, and
macrophages, could contribute to epithelial dam-
age. The variable mechanisms for injuring the
airway epithelium may account in part for the
variable clinical course of asthma. Regardless of
the mechanism, the injured epithelium could con-
tribute directly to the acute severity of asthma (Fig.
1). Injury of the epithelium, moreover, must be
followed by repair mechanisms, and the likely
consequences of these repair processes lead to the
altered structure of the epithelium in asthmatic
patients.

In both the rat!” and the hamster,’® repair
processes are initiated very rapidly after mechani-
cal injury and follow a very similar time course.
Within hours, the epithelial defect is covered by a
layer of flattened squamous-like cells.!® Mitotic
figures also are present within hours of injury,!’
and by 24 hours, many cells in the wound are
actively dividing.'® A stratified layer of undifferen-
tiated epithelial cells several cells thick thus accu-
mulates at the wound over a period of 2 to 3 days.
Mitosis then slows and the newly accumulated
epithelial cells differentiate into columnar cells.
The processes that drive epithelial cell differenti-
ation currently are not understood. Although it is
controversial whether the basal cell or the secre-
tory cell is the precursor cell or airway cell both in
development and during repair, Shimizu and col-
leagues!® have provided evidence that after injury,
the newly recruited epithelial cells express antigens
characteristic of basal cells. Only after the cells
have differentiated into columnar cells do they
express antigens characteristic of columnar and
ciliated cells. This suggests that basal cells may be
the precursor cells for repair after injury, but the
possibility that goblet cells can both dedifferentiate
and proliferate suggests that goblet cells also could
have a role in repair.2% 2

The concept that airway epithelial cells can
migrate and thus could be recruited to a site of
injury is supported by a body of in vitro data. Shoji
and colleagues,?? for example, have shown not only
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that epithelial cells can migrate, but using the
blindwell chamber technique, they have demon-
strated that epithelial cells can migrate toward a
chemotactic stimulus. The stimulus that drives
epithelial cell migration to cover a site of injury in
the airways is unknown. One potential candidate
mediator, however, is fibronectin, a glycoprotein
thought to have important roles in wound repair
throughout the body.>>?* Fibronectin is a potent
chemotactic stimulus capable of attracting airway
epithelial cells.>® Fibronectin, moreover, is a prod-
uct of epithelial cells.?® Thus the epithelial cells left
behind in a wound could produce fibronectin,
which could then serve to recruit neighboring cells
into the defect. :

Several other lines of in vitro experimental
evidence also support this paracrine concept of
epithelial mediated repair in the airway. First, the
production of fibronectin by epithelial cells is
subject to regulation.?630 An important stimulus is
transforming growth factor beta (TGF-B), which
stimulates fibronectin production by a number of
cell types, including epithelial cells.?®3° Interest-
ingly, epithelial cells in subconfluent cultures are
capable of both producing TGF-B and of releasing
it in an active form.3! Thus it is reasonable to
suggest that basal cells that remain at a site of
injury could release TGF-B, which could then act
in an autocrine or paracrine manner to drive basal
cell fibronectin production. This fibronectin could
then recruit neighboring epithelial cells to a site of
injury.

Other sources of fibronectin at a wound exist.
Plasma, for example, contains fibronectin in rea-
sonably large concentrations and with edema, tran-
sudation of plasma fibronectin into a wound site
will occur.?>2* Cellular derived fibronectin, how-
ever, is much more potent than plasma fibronectin
as an epithelial cell chemoattractant.>> This sug-
gests that fibronectin derived from epithelial cells
could function as a chemoattractant even if plasma
leakage occurred at a site of injury. Other cells
present in a wound, such as macrophages and
fibroblasts, also can produce fibronectin, which
could serve as an epithelial cell chemoattrac-
tant.? 24

Chemotaxis is a complex process, and the ability
of epithelial cells to mount a repair response likely
can be regulated at several levels. For example,
inflammatory cell mediators can alter epithelial
cell chemotactic responsiveness.>3* Thus an in-
flamed mucosa in which phlogistic mediators are
present in the local milieu might have a different
capacity for repair than a normal epithelium. The
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chemotactic migration of epithelial cells, more-
overt, takes place on a surface, and the composition
of the surface can alter the chemotactic activity of
the cells. Basement membrane components such
as laminin and type IV collagen, for example, are
excellent surfaces for epithelial cell adhesion but
seem to inhibit chemotaxis relative to the intersti-
tial type 1 collagen.3*3% Thus alteration in the
extracellular matrix at a site of injury, an event that
is likely to occur if inflammatory cell proteases are
released, might also be an important determinant
of repair potential in the airway.

As suggested above, chemotactic recruitment of
epithelial cells to a site of injury is followed by
proliferation of the newly recruited cells. The
factors that drive epithelial cell proliferation in this

situation are not yet described. There are, how-
ever, several candidate sources for such factors.
Mononuclear phagocytes have been suggested to
be potent sources of growth factors in other repair
processes,>® and factors derived from alveolar mac-
rophages can drive airway epithelial cell prolifera-
tion,’” The epithelial cells themselves are also
likely sources of growth factors that can function in
an autocrine or paracrine manner. In this regard,
the epithelial cells can produce both TGF-a, which
is believed to stimulate proliferation,*® and TGF-8,
which should inhibit proliferation and cause the
cells to assume a squamous phenotype.3-3° Fibro-
blasts also are present in the epithelium and
factors derived from these cells are capable of
driving epithelial cell proliferation.*® Which factors
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are responsible for repair in a disease process
like asthma will be an important area for future
study.

Repair processes in the airway appear to be able
to restore the airway architecture to normal after
many injuries. Complete restoration, however, is
not always the result of these processes. In a series
of studies, Snider and colleagues demonstrated the
consequences of injury of the airway epithelium in
hamsters after injury with the neutrophil protease
clastase.**> Acute exposure was associated with a
loss of detectable secretory cells, presumably be-
cause elastase induced their degranulation.*! This
acute process was followed by a recovery in the
number of visible secretory cells, which 16 days
after exposure, had significantly increased.#? 434>
The phenotype of the secretory cells also was
altered with a marked increase in the density of the

granules.*! These metaplastic changes induced by a
single exposure to elastase, moreover, were quite
persistent, lasting close to the expected lifetime of
the animal.* Other stimuli also can have similar
effects.* These results suggest that goblet cell
metaplasia develops early in the response to injury
and that it can be essentially permanent even
without further stimulus. Because goblet cell meta-
plasia is a regular feature of asthma, the airways of
asthmatic patients may thus reflect long-term
changes caused by episodic injuries.

In addition to metaplasia of the epithelium,
repair after injury can lead to alterations in the
mesenchymal structures underlying the airway ep-
ithelium. The accumulation of fibroblasts and the
connective tissue produced by these cells is a
process analogous to scar formation in the skin. It
is of interest that airway epithelial cells appear to
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be able to drive not only epithelial repair but also
mesenchymal cell responses. In this regard, fi-
bronectin derived from epithelial cells is a potent
chemotactic stimulus for fibroblasts and for epithe-
lial cells.*” Airway epithelial cells also produce
mitogens capable of stimulating fibroblast prolifer-
ation.*®* The TGF-B produced by epithelial cells
is capable of upregulating fibroblast production of
matrix molecules, including type 1 collagen and
fibronectin.>® Finally, TGF-B produced by airway
epithelial cells can induce fibroblasts to contract a
three-dimensional collagen gel in an in vitro model
of scar contraction.”® Taken together, these data
suggest that airway epithelial cells may be impor-
tant sources of mediators that could contribute to
all aspects of fibrosis and scarring in the airways.
These mediators also could alter the function of
mesenchymal cells in the airways. Nogami and
colleagues,* for example, have shown that TGF-B
can induce a loss of B-receptors from cultured
airway smooth muscle cells.>?

Undoubtedly many other cells present in the
airways in a disease such as asthma are also
potential sources of mediators that could drive a
fibrotic response. It is of interest, however, that
airway epithelial cells are potential sources of
mediators that can lead either to restoration of
normal airway architecture or to the accumulation
of fibrous scar tissue. For example, the same
mediators, that is, TGF-g and fibronectin, may
play a role in the pathogenesis of both processes.
What determines whether normal repair with res-
toration of function will occur after injury or
whether scarring will result is undetermined, but
presumably the temporal sequence of factors, in-
terrelationships between factors, and the status of
both the extracellular matrix and the parenchymal
cells available all play a role.

In this regard, inhibitors of the fibrotic process
are produced by airway epithelial cells. Prostaglan-
din E, for example, can inhibit fibroblast chemo-
taxis,”® proliferation,> collagen production,’s: 56
and collagen gel contraction.®” Prostaglandin E is a
major product of airway epithelial cells.’® 5° This
raises the possibility that the airway epithelium
may function to restrict the severity of a fibrotic
response after injury. It also raises the possibility
that the airway epithelium might play a role in
normal airway mesenchymal cell homeostasis by
providing an inhibitory stimulus, thus helping to
assure airway patency.

Excessive accumulations of connective tissue
clearly can compromise lung function. In the most
extreme example, obliterative bronchiolitis, plugs
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of connective tissue completely obstruct the lu-
mina of the small airways.®® Less severe forms of
airway fibrosis also can have an important impact
on lung function. Although the lesions that con-
tribute to airflow obstruction in chronic obstructive
pulmonary disease (COPD) are complex,5t 52 peri-
bronchial fibrosis is one of the histologic features
that correlates best with airflow obstruction in
moderate cases of this disease.®® The small airways
of these patients, moreover, are narrowed,® %
suggesting that scarring has developed around the
circumference of the airway and that, as with all
scars, the peribronchial fibrotic lesion has con-
tracted, thus narrowing the airway and reducing
airflows.

Whereas progressive airflow limitation is well
recognized in COPD,%: ¢7 similar processes may
take place in asthma. Wagner and colleagues,® for
example, demonstrated that asthmatic patients
have markedly increased resistance in their periph-
eral airways, a lesion consistent with narrowing of
these airways. In addition, epidemiologic data sup-
port this concept. Peat and colleagues,® for exam-
ple, reported a long-term study of asthmatic pa-
tients followed-up for 18 years. Having asthma was
a risk factor associated with a decline in lung
function twice that of healthy nonsmokers. Several
subsequent studies also have suggested that
asthma is associated with a risk for an accelerated
and progressive loss of lung function.” 7! Thus the
long-term prognosis for an asthmatic patient
should not be regarded as benign. It seems quite
likely that ongoing airway injury leads to alter-
ations in airway structure, which can compromise
lung function in a gradual manner over a period of
years.

The undoubtedly speculative concept that air-
way scarring can develop as a consequence of
asthma and can, over years, lead to progressive loss
of lung function, suggests that this loss of lung
function possibly can contribute to the develop-
ment of COPD. Nevertheless, the question re-
mains whether therapeutic intervention can alter
this process. Relatively little data exist to address
this question. Several studies have shown that
inhaled glucocorticoids can reduce inflammation
in the airways,”74 and one study has demonstrated
that glucocorticoids also can reverse some of the
metaplastic changes that characterize asthma.”
Whether alterations in the extracellular matrix
can be modified is controversial. One study has
reported that inhaled glucocorticoid therapy was
associated with a decrease in the thickness of the
lamina reticularis in patients with asthma.”?
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Other studies, however, have not been able to detect
this potential benefit.”>7¢ Histologic studies of pa-
tients with severe inhalation injuries support the
theory that remodeling of an apparently scarred
airway to restore function is possible. Whether ther-
apeutic interventions can be developed to
achieve similar results in patients with asthma or
COPD is a crucial question to be answered.

NORMAL EPITHELIUM

The normal airway epithelium (Fig. 1A) is lined by
a complex layer of epithelial cells.””-7® In the proxi-
mal airways it is pseudostratified, meaning that all
cells are believed to have contact with the basement
membrane, although several layers of nuclei may be
present. Most of the basement membrane surface is
covered by basal cells, which anchor the epithelium
via hemidesmosomes.” The majority of cells that
reach the airway lumen are ciliated cells, although
smaller numbers of secretory cells (goblet cells) also
are present. These columnar cells are attached to
each other and to the basal cells by desmosomes.
Near the apical lumen the columnar cells also possess
tight junctions, thus creating the epithelial barrier.5°
The entire epithelium rests on a thin true basement
membrane, which in turn is underlaid by a lamina
reticularis comprised of interstitial connective tissue.
The subepithelium contains additional connective
tissue and fibrobiasts.

EPITHELIAL INJURY IN ASTHMA

Epithelial injury regularly occurs in asthma and
can result in desquamation of epithelial cells (Fig.
1B). Frequently sheets of columnar cells are de-
tached as aggregates, resulting in the formation of
creola bodies.”* The epithelial defect can alter
airway function in asthma by a variety of mecha-
nisms.”® 8582 First, the epithelial barrier is dis-
rupted, permitting both ready absorption of envi-
ronmental agents and leakage of plasma
components into the airway lumen. Airway nerves
also may become exposed, predisposing the airway
to reflex bronchoconstriction. Second, epithelial
cells can inhibit airway reactivity both by releasing
inhibitors and by degrading active mediators. Loss
of epithelial cells removes this restraining effect of
the airway epithelium. Third, cells left behind in
the airway may be able to release mediators that
can induce reactivity of the airways.

RESPONSE OF THE EPITHELIUM TO INJURY

Injury of the epithelium initiates a complex
cascade of responses (Fig. 1C). Epithelial cells are
activated to release a variety of mediators, includ-
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ing TGF-B and fibronectin, which can serve to
recruit and activate both neighboring epithelial
cells and subjacent mesenchymal cells. Epithelial
cells also can release a variety of mediators that
can recruit and activate inflammatory cells (not
shown in Fig. 1C) and can, moreover, respond to
mediators released by inflammatory cells.’® %384
The net effect on epithelial repair likely depends
on mediators released by many cell types in the
airway. Under some circumstances, normal epithe-
lial architecture can be restored (Fig. 1A). Under
other conditions, repair can result in chronic patho-
logic alterations of airway structures (Fig. 1D).

REPAIR WITH ALTERED ARCHITECTURE

Repair of the airway epithelium does not
necessarily restore the epithelial architecture to
normal (Fig. 1D). The normal ciliated epithelial
cells can be replaced by goblet cells or even
squamous cells (not shown in Fig. 1D). In addi-
tion, increased numbers of mesenchymal cells
can accumulate in the subepithelial layer to-
gether with the connective tissue matrix pro-
duced by these cells. It is likely that these cells
are responsible for the thickened lamina reticu-
laris that characterizes asthma.'®® These
changes in connective tissue may be associated
with narrowing of the airways and compromise
of airflow.

In summary, the airway in asthmatic patients is
subject to injury. As a result, repair processes are
mitiated. In most individuals, most injuries are re-
paired with restoration of normal tissue architecture
and function. In some cases, however, structural
alterations result, sometimes with compromise of
lung function, Currently available data suggest that
many cells in the airway play roles in the repair
process. The airway epithelial cell seems to play a
particularly important role, functioning both as a
source of mediators of repair and as a target for those
mediators. As abnormal repair appears to be respon-
sible for many aspects of chronic disease, the poten-
tial to modulate repair processes represents an im-
portant therapeutic target.
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