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Apoptotic cells can be detected in the parenchyma and airways
of patients with chronic obstructive pulmonary disease (COPD) in
greater numbers than seen in normal lungs or those from smokers
without COPD. Implications include more apoptosis and/or de-
creased clearance of apoptotic cells. Both epithelial and endothelial
cells become apoptotic. What role does the apoptosis play in the
emphysema or small airway alterations seen in COPD? In simple
terms, loss of cells by apoptosis would be expected to accompany,
or perhaps initiate, the overall tissue destruction normally believed
responsible. Indeed, direct induction of apoptosis in pulmonary
endothelial or epithelial cells in rodents is accompanied by emphy-
sematous changes. On the other hand, apoptotic cells are normally
removed from tissues rapidly with minimal tissue response, to be
followed by cell replacement to maintain homeostasis. The presence
of detectable apoptotic cells, therefore, may imply defects in these
clearance mechanisms, and, in keeping with this hypothesis, there
is increasing evidence for such defects in patients with COPD. Mice
with abnormalities in apoptotic cell removal also tend to develop
spontaneous “emphysema.” A reconciling hypothesis is that recog-
nition of apoptotic cells not only leads to removal but also, normally,
to signals for cell replacement. If this latter response is lacking in
COPD-susceptible smokers, defects in normal alveolar or small air-
way repair could significantly contribute to the structural disrup-
tion. The concept puts emphasis on defective repair as well as initial
injury (i.e., persistent alteration of dynamic tissue homeostasis, as
a key contributor to COPD), with, it is hoped, additional approaches
for mitigation.
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APOPTOSIS AND CHRONIC OBSTRUCTIVE
PULMONARY DISEASE

Examination of lung tissue from patients suffering from chronic
obstructive pulmonary disease (COPD) reveals the presence of
apoptotic cells in greater numbers than in control lungs or those
from smokers without COPD (e.g., References 1-7). Apoptotic
cells include alveolar and bronchial epithelial cells as well as
endothelial cells in the parenchyma. Importantly, the apoptosis
persists in patients with COPD after smoking has ceased. In
rodents, deliberate induction of endothelial or epithelial apo-
ptosis (8-10) is accompanied by loss of pulmonary alveoli and
pathologic evidence of emphysematous changes.
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These different types of observation raise the important ques-
tion of a possible causal relationship between apoptosis (or re-
sponse to this) and COPD. Simplistically, this could be no more
than an indication of cell damage in the lung that would be
expected within the hypothesis that emphysema is a consequence
of alveolar destruction. The similar pathologic changes seen after
targeting either the endothelium or epithelium could be readily
reconciled by the demonstration (e.g., References 11 and 12)
that there is significant interaction between the two cell layers
of the alveolus so that severe damage to one could reasonably
lead to disruption of the other, and presumably the matrix and
interstitium as well. An alternative direction of effect in COPD
could be induction of apoptosis subsequent to destruction of the
supporting alveolar matrix—that is, a form of anoikis. The find-
ing of more detectable apoptosis in smokers with COPD than
in non-COPD smokers is intriguing, especially since it appears to
persist after cessation of smoking in the former. The observations
suggest that cigarette smoke itself is not the sole agent causing
the apoptosis, or its ability to be detected, although COPD-prone
individuals could conceivably be more susceptible to smoke-
induced cell damage and apoptosis. An alternative explanation
comes from considering the dynamics of apoptosis and cell turn-
over in normal tissues.

RECOGNITION AND REMOVAL OF APOPTOTIC CELLS

Programmed cell death, of which apoptosis is one example, is
a physiologic mechanism for cell deletion. Various forms of
damage, or potential damage, to cells lead to DNA fragmenta-
tion and destruction of the replicative potential of the cell as
well as surface alterations that allow its recognition as “foreign.”
This in turn results in uptake and subsequent digestion of the
apoptotic cell by phagocytic processes with, usually, minimal
release of intracellular contents from the dying cell. Cells under-
going programmed cell death can be removed rapidly and effi-
ciently in situ with minimal tissue response by not only profes-
sional phagocytes of the mononuclear phagocyte system but also
by a wide variety of tissue cell types, including fibroblasts and
endothelial, epithelial, smooth muscle, and stromal cells. The
uptake process is highly evolutionarily conserved, uses unique
receptors and signaling pathways and has been termed “effero-
cytosis” (13-15). Importantly, recognition of apoptotic cells does
not only lead to their removal but also initiates antiinflammatory
and antiimmunogenic responses, leading to quiet removal in situ
with minimal effects on the tissues (16) (Figure 1). Induction
of antiproteases, such as secretory leukocyte protease inhibitor
(SLPI), has also been reported (17). More recently, it is becoming
clear that apoptotic cell recognition can also induce production
of tissue cell growth factors or other stimuli that may, in the
normal circumstance, contribute to replenishment of the dam-
aged cell(s) (e.g., References 18 and 19). The underlying context
is one of tissue homeostasis with sporadic apoptosis, leading not
only to cell deletion but also providing signals for replacement.
It has been suggested that most cells in the body turn over,
although at different rates according to cell type. It seems likely
that this is also true for the lung, especially given its exposure
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to the external environment, and there is increasing evidence
for constituitive levels of cell death and replication in the normal
adult lung (e.g., References 1 and 4) as well as substantial cell
replication after specific injury (e.g., see References 20-22). The
new, exciting paradigm is for some of the replacement to come
from local or hematogenous “progenitor” cells (see Reference
23 and articles by Krause and Randell in this issue) and one
might wonder here whether apoptotic cell recognition could
also provide signals for recruitment or stimulation of such cells
(Figure 2).

APOPTOTIC CELL CLEARANCE IN COPD

Finding apoptotic cells in histologic sections of COPD lungs,
therefore, must be considered as a snapshot of dynamic processes
representing a balance between a likely increased induction of
cell death and a possible decrease in normal cell removal. In fact,
there is increasing evidence that apoptotic clearance mechanisms
are less effective in COPD lungs and that macrophages from
such lungs show a defect in recognizing and ingesting such targets
(e.g., References 2 and 16, T.K. Finney-Hayward and P.J. Barnes,
American Thoracic Society [ATS International Conference],
2005; R.W. Vandivier and colleagues, unpublished observa-
tions). There are many potential mechanisms that could account
for such a defect from alterations in apoptotic cell recognition to
defects in the efferocytosis signaling pathways (15). For example,
neutrophil elastase and matrix metalloproteinase 12 can both
inhibit recognition of apoptotic cells in vitro by cleaving the re-
sponsible receptors on the macrophages, and the former has been
implicated in a defect in apoptotic cell clearance seen in cystic
fibrosis (7). This effect could tie the protease balance hypothesis
for COPD into the effect on apoptotic cell uptake. The lung
collectins, surfactant protein (SP)-A and SP-D, have both been
shown to enhance uptake of apoptotic cells, and SP-D~/~ mice
exhibit a lung clearance defect in vivo (24). Decreased levels of
SP-A and SP-D have been reported in smokers’ lungs (25, 26)
(see also Reference 27) and could therefore contribute to the
observed effects on apoptotic cell removal. A third example comes
from the observation that tumor necrosis factor a can inhibit
apoptotic cell uptake by macrophages in vitro and clearance of
apoptotic cells from the lung in vivo (K. McPhillips and colleagues,
unpublished observations). Increased levels of this mediator have
been reported in COPD (28-31). Cigarette smoke can directly
decrease apoptotic cell uptake in vitro, and mice exposed to smoke
also show clearance defects in the lungs (R.W. Vandivier and
R. Keith, unpublished observations). At this point, all of these
observations would, per se, do no more than suggest an associa-
tion. However, important to our thesis, all of these disparate
conditions of defective apoptotic cell clearance are also accompa-
nied by evidence of emphysematous changes in mice. Thus, in
addition to the well-known proemphysematous effects of prote-
ases and cigarette smoke, SP-D '~ mice also develop spontane-
ous alveolar enlargement (32) as do mice overexpressing tumor
necrosis factor « in the lung (33). This does not prove cause
but does suggest a possible functional association and raises
questions of how defects in apoptotic cell recognition and clear-
ance might contribute to COPD pathogenesis.

The apoptotic cell clearance defect is not (only) driven by
direct effects of cigarette smoke on the lung phagocytes because
it persists long after smoking has been stopped (2, 5). It also
appears selective for apoptotic cells (i.e., the process of effero-
cytosis) compared with uptake of polystyrene beads (2). Al-
though there are a number of possible explanations for these
observations, genetic alterations in cellular response to apoptotic
cells seems a likely candidate, and certainly worth investigation.
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Along these lines, preliminary data have been reported for defec-
tive phagocytosis in monocyte-derived macrophages from pa-
tients with COPD (T.K. Finney-Hayward, L. Donnelly, and P.J.
Barnes, ATS International Conference, 2005), and in our unpub-
lished collaborative studies with Donnelly and colleagues, this
may extend to uptake of apoptotic cells. If confirmed, the defect
must extend through maturation of blood monocytes in vitro in
the presence of non-COPD serum and suggests some primary
effect on the mononuclear phagocytes.

Clearly, parenchymal cell death itself would be expected to
alter alveolar and small airway structure and function. Second,
an inability to effectively remove apoptotic cells would be ex-
pected to result in their post-apoptotic cytolysis (secondary ne-
crosis) with its associated release of constituents having proin-
flammatory, proteolytic, and even proimmunogenic potential.
Third, an inability to clear damaged endothelial or epithelial
cells from their in situ position might significantly impede normal
cell replacement (20). However, we are also intrigued by the
possibility that there is normally a positive feedback from recogni-
tion and removal of apoptotic cells to mechanisms for replacement
of such cells (Figure 1). Thus, as noted, recognition of apoptotic
cells has been shown to initiate production of growth/mainte-
nance factors for both epithelial and endothelial cells as well as
to stimulate endothelial angiogenic responses by more direct
effects (34). For pulmonary epithelial cells, hepatocyte growth
factor (HGF) can be used as an example. This growth factor is
found to be reduced in lungs from patients with COPD (35) and
can restore lung structure when given to animals with alveolar
loss induced by proteases (36). In the context of apoptotic cells,
their recognition by macrophages leads to production of HGF
(19) and so, we would predict, abnormal recognition could result
in reduced local generation of this replacement factor. Feedback
from recognition of apoptotic circulating leukocytes to regula-
tion of their production in the bone marrow has also been re-
ported (37). This observation raises the further possibility that
signals from apoptotic cell recognition could contribute to stimu-
lation, release, and/or attraction of progenitor cells for tissue
replenishment (Figure 2). Such observations support the above-
mentioned concept of feedback stimulation to maintain homeo-
stasis. Other relevant molecules known to be produced in re-
sponse to apoptotic cells include transforming growth factor B,
which is likely the major contributor to the antiinflammatory and
antiimmunogenic effects as well as to potential fibrotic changes in
the small airways.

Disruption of all these effects because of defective apoptotic
cell recognition would, therefore, be expected to have many
consequences that impinge on the pathogenesis of COPD
(Figure 3), from increased inflammation to loss of cellular repair
and replenishment to increased proteases, and in some locations,
fibrosis. An additional intriguing observation is the possible asso-
ciation between the numbers of detectable apoptotic cells in
COPD lungs and the increased number of T lymphocytes (e.g.,
Reference 5). Whether this represents a causal, or merely asso-
ciative, relationship is by no means clear. However, the possibil-
ity that reversal of a normally immunosuppressive environment
in the lung due to ineffective apoptotic cell recognition (38)
might contribute to local lymphocyte accumulation and immune
responses seen in severe COPD, although speculative, is
intriguing.

Most of the data and concepts discussed have been directed
more to the lung parenchyma and emphysema than to the all-
important small airway changes of COPD. Although one can
speculate about similar processes and alterations participating in
the latter, direct evidence of such effects is meager, but certainly
worthy of future investigation. A recent study by Park and co-
workers (22) suggests that damage to small airway epithelial
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cells is in part repaired by redifferentiation of ciliated epithelial
cells, with an intermediate stage in a squamous state in which
the cell underlies the damaged cell as it is extruded from the
monolayer (Figure 4). This is also in keeping with the exciting
evidence of manipulable transdifferentiation in the airway epi-
thelium shown by Tyner and colleagues (35). Might there be
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Figure 1. Recognition of apoptotic cells can initiate not
only uptake and digestion of the target but also produc-
tion of a variety of molecules involved in regulation
of inflammation and immunity as well as of potential
replacement of the damaged cells. We suggest here
that defects in these processes may contribute to the
pathogenesis of chronic obstructive pulmonary disease.
HGF = hepatocyte growth factor; M-CSF = macrophage-
colony stimulating factor; TGFB = transforming growth
factor B; VEGF = vascular endothelial growth factor.
Reprinted by permission from Reference 15.

feedback signals from the damaged and apoptotic cells for these
effects? The old concept of a relationship between cellular repair
and embryonic tissue plasticity may also have value here, espe-
cially as COPD tends to be a disease of the aging, and less
regenerative, lung, at least in terms of the normal lifespan during
most of human evolution.
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apoptotic cell recognition pro-
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Figure 4. Alterations in small airway epithelial cells after injury and apo-
ptosis leading to de-differentiation of ciliated cells to maintain epithelial
integrity during extrusion of the damaged cells. Adapted from Reference
15.
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