What Drives the Peripheral Lung-Remodeling Process in
Chronic Obstructive Pulmonary Disease?
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The smaller airways (<2 mm in diameter) offer little resistance in
normal lungs but become the major site of obstruction in chronic
obstructive pulmonary disease (COPD). We examined bronchiolar
remodeling in COPD by combining quantitative histology, micro-
computed tomography (CT), and gene expression studies. Volumes
of bronchiolar tissue, total collagen, collagen-1, and collagen-3 were
measured in lung tissue from 52 patients with different levels of
COPD severity. Micro-CT was used to measure the number and
lumen area of terminal bronchioles in four lungs removed before
lung transplantation and in four donor lungs that served as controls.
Laser capture microdissection provided 136 paired samples of
bronchiolar and surrounding lung tissue from 63 patients and the
gene expression of a cluster of tissue repair genes was compared.
This study shows that total bronchiolar tissue decreased with pro-
gression of COPD and was associated with a reduction in total
collagen and relative increase in collagen-3 over collagen-1. The
micro-CT studies showed a 10-fold reduction in terminal bronchiolar
number and a 100-fold reduction in lumen area. Interestingly, most
genes associated with tissue accumulation during repair decreased
their expression in both airways and in the surrounding lung as FEV,
declined, but eight genes previously associated with COPD increased
expression in the surrounding lung tissue. Our study shows that
small airway remodeling is associated with narrowing and oblitera-
tion of the terminal bronchioles that begins before emphysematous
destruction in COPD and in relation to differential expression of
tissue repair genes in the airways and surrounding lung.
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Tissue remodeling can be defined by changes in quantity,
composition, and organization of its structure and is a common
feature of the repair of tissue damage (1). The primary lesions
responsible for the airflow limitation that defines chronic
obstructive pulmonary disease (COPD) obstruct the small
conducting airways and result in the emphysematous destruc-
tion of the gas-exchanging tissues (2). The inhalation of toxic
particles and gases, primarily but not exclusively as a result of
inhaling tobacco smoke, is the major risk factor for the de-
velopment of COPD (2, 3). This type of insult induces an
inflammatory response in both animal (4) and human lungs (5—
8), and in humans who have been chronically exposed over
many years it persists long after they have stopped smoking (8-
10). It is now known that everyone who smokes develops
inflammation in the lung and that infiltration of the lung tissue
by inflammatory immune cells increases in both extent and
severity as COPD progresses (2, 8). Persistent inflammation is
a cardinal feature of repetitive tissue injury at any site (1) and in
the lung it is associated with secretion of mucus and squamous
cell metaplasia of the airway epithelium, enlargement of the
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bronchial mucous glands, obstruction in the smaller conducting
airways, and emphysematous destruction of gas-exchanging
tissues of the lung (2). This presentation focuses on preliminary
data from three separate sets of experiments that concern the
remodeling of bronchiolar tissue, the changes that occur in
terminal bronchiolar number and their minimal cross-sectional
area as a result of this remodeling process, and some of the local
differences in the expression of genes associated with tissue
repair that might drive this process are discussed. These studies
are ongoing in nature and are being conducted in collaboration
with investigators at the University of Pittsburgh (Pittsburgh,
PA, Washington University St. Louis, MO), and the University
of Pennsylvania (Philadelphia, PA) (a list of collaborators is
included at the end of the article).

THE NATURE OF BRONCHIOLAR REMODELING IN COPD

The preliminary data on the first of these three studies were
obtained from lung tissue removed from persons who required
surgery for either small lung tumors, lung volume reduction for
emphysema, or lung transplantation for severe COPD under
conditions that have been described in detail elsewhere (8).
Those with normal spirometry (n = 10) served as control sub-
jects for samples of lung from persons with mild (Global
Initiative for Chronic Obstructive Lung Disease [GOLD] stage 1,
n = 11), moderate (GOLD stage 2, n = 11), severe (GOLD
stage 3, n = 10), and very severe (GOLD stage 4, n = 10)
COPD. The total volume of bronchiolar tissue and its collagen
content was measured using the multilevel sampling design of
Cruz-Orive and Weibel (11). That was modified by substituting
high-resolution computed tomography (HRCT) to estimate
total lung, tissue, and gas volumes (8). The volume of small
airway tissue was obtained by determining the volume fraction
(Vv) of the bronchiolar tissue by point counting the percentage
of bronchiolar tissue in whole-mount histological sections pre-
pared from samples of these lungs and multiplying this fraction
by total tissue volume measured using the electronic record of
the HRCT. The Vv of collagen within the bronchiolar tissue
was similarly determined by point counting serial sections cut
from the same tissue blocks that were stained with picrosirius
red to identify all the collagen types (12) and multiplying the
Vv picrosirius red-stained bronchiolar tissue by the Vv total
bronchiolar tissue and by the same HRCT reference tissue
volume. The Vv values of subsequent sections that took up
immunostains for either collagen-1 or collagen-3 were then used
in a similar manner to determine their contribution to total
bronchiolar collagen.

These data showed a trend for the total volume of bronchiolar
tissue to increase from 13.5 * 2.6 ml in control cases to 20.0 = 2.3
ml in moderately severe (GOLD stage 2) COPD. That was
interrupted by a statistically significant decline to 11.8 = 2.3 ml in
very severe (GOLD stage 4) COPD (P = 0.016). The total
volume of tissue stained by picrosirius red, which stains all forms
of collagen, followed a similar pattern (5.3 = 0.9 ml in control
samples, and 8.3 £ 1.2 and 3.1 £ 0.6 in GOLD stage 2 and stage 4
COPD samples, respectively). However, this decline in total
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collagen was associated with a relative increase in the combined
contribution of collagen-1 and -3 to the total collagen from 49%
in control subjects to 84% in GOLD stage 4 subjects and a sharp
decrease in other forms of collagen. Moreover, the ratio of
collagen-1 to collagen-3 shifted from close to 1 in the control
subjects to 0.44 in the GOLD stage 4 cases of COPD (P = 0.02),
indicating a relative increase in collagen-3 over collagen-1 during
this process. These data clearly show that the remodeling process
changes the quantity, composition, and organization of the
bronchiolar tissue in human lungs at different levels of COPD
severity. The initial increase in bronchiolar tissue between control
and moderate (GOLD stage 2) COPD was attributed to the
generalized thickening of existing airways, due to the fact that
their total number is complete by the first trimester of in-
trauterine life (13), making it unlikely that they would increase
in number in adult life. In contrast, the decline in bronchiolar
tissue volume observed in very severe (GOLD stage 4) COPD
might well be explained by an obliterative process that removes
these airways. Furthermore, the reduction in total tissue and
collagen with a relative increase in collagen-3 compared with
collagen-1 at the expense of all other forms of collagen is
consistent with replacement of normal bronchiolar tissue by
fibrosis (1).

EFFECT OF TISSUE REMODELING ON THE NUMBER AND
CALIBER OF TERMINAL BRONCHIOLES

The second set of experiments was undertaken to test the hy-
pothesis that removal of bronchioles accounted for the reduc-
tion in bronchiolar tissue observed in very severe (GOLD stage
4) COPD. This issue was previously addressed by Matsuba
and Thurlbeck (14), who reported a small reduction in both
number and lumen cross-sectional area of airways less than
2 mm in diameter in lungs with emphysema compared with
those of control subjects. However, their report preceded the
realization that counting the number of objects distributed in
three-dimensional space, using the two-dimensional informa-
tion provided by histology, requires the application of stereo-
logical principles (15, 16); the third dimension is obtained by
cutting two sections a distance apart that is equal to 20-30% of
the maximal height of the object under study. This procedure
was developed to avoid the older “brute force” method of ex-
amining known volumes of tissue by serial histological sections
(16). The introduction of micro-CT made it possible to examine
relatively large volumes of tissue with sufficient resolution to
observe and measure the histology of the human lung for the
first time (17). In simple terms, micro-CT combines a micro-
focused X-ray source with planar X-ray detectors, with im-
proved resolution obtained by arranging all pixels present in the
detector onto a small area. For practical reasons the micro-
source X-ray tube and detectors remain fixed while the speci-
men placed between them is rotated to obtain the images
required for CT. This procedure allows either small animals
or small volumes of human tissue to be examined with increased
resolving power. Therefore, we further modified the multilevel
sampling design by using micro-CT to serially examine samples
of human lung tissue of known volume to identify terminal
bronchioles and count their number per milliliter of lung and
measure the minimal cross-sectional area of these airways at the
narrowest point (18, 19).

To date we have obtained data from four donor lungs that
became available for research when no suitable recipient was
identified within the required time frame. These lungs served as
controls for four patients with very severe (GOLD stage 4)
COPD, from whom lung was removed in preparation for
treatment by lung transplantation. The mainstem bronchus of

each specimen was first cannulated (20) and the lung was gently
inflated to total lung capacity, using a constant flow of air and an
underwater seal to slowly increase transpulmonary pressure
from 0 to 30 cm H,O. The lung was then deflated to a trans-
pulmonary pressure of 10 cm H,O and held in this position on
the deflation limb of the pressure-volume curve while it was
frozen solid by surrounding it in liquid nitrogen vapor. The lung
was kept frozen by placing it in a Styrofoam box containing dry
ice and a volumetric HRCT scan was obtained by passing the
box containing the lung through the scanner. The specimen was
maintained on dry ice while it was cut into 2-cm-thick slices,
using a band saw, and these slices were sampled with a sharp
metal cylinder precooled to dry ice temperature. Between 8 and
20 samples, 1 cm in diameter and 2 cm in length, were obtained
from each lung for micro-CT examination. Each of these tissue
cores was then fixed at —80°C in a solution of pure acetone and
1% glutaraldehyde (freezing point, less than —90°C) warmed
to room temperature overnight, washed, and then postfixed in
osmium and critical-point dried. The micro-CT scans were
performed on these dried specimens at the University of Penn-
sylvania, using an eXplore Locus SP micro-CT scanner (GE
Healthcare, Piscataway, NJ) at 16-pm voxel resolution with
1,000 contiguous slices per core. The image stack was then
examined to identify and count terminal bronchioles by observ-
ing the point at which a purely conducting bronchiole branched
into respiratory bronchioles and express this number of termi-
nal bronchioles per milliliter of lung examined. A multiplanar
reconstruction using DICOM (Digital Imaging and Communi-
cations in Medicine) imaging software (21) was used to reorient
each terminal bronchioles in the x—y-z planes to allow exam-
ination of its lumen along its entire length and measure the
cross-sectional area at its narrowest point. The total number of
airways was calculated by multiplying the average number of
terminal bronchioles per milliliter of lung by the total lung
volume calculated from the HRCT and their total lumen cross-
sectional area was determined by multiplying the average
minimal lumen cross-sectional area by the computed number
of terminal bronchioles in the lung.

The results obtained by micro-CT differ substantially from
the earlier report by Matsuba and Thurlbeck (14) in that we
found an approximate 10-fold reduction in terminal bronchiolar
number and a 100-fold reduction in minimal terminal bronchi-
olar diameter in very severe (GOLD stage 4) COPD compared
with control lungs (18, 19). However, the micro-CT results fit
much better with physiological observations that the small
airways cause little resistance to flow in the normal lungs but
become the major site of airway obstruction in COPD (22-24).
Because the bronchioles are arranged in parallel the total
resistance of the bronchioles is the sum of the inverse of the
resistance of the individual branches (i.e., /R = 1/R; + 1/R; +
... + 1/R,) and therefore one half the total number of airways
must be removed simply to double bronchiolar resistance. On
the other hand, a generalized narrowing of the lumen of these
airways combined with their gradual removal, as suggested by
our results, could easily explain the large increases in peripheral
airway resistance measured in the late stages of COPD, because
the change in resistance would be in proportion to the change in
the radius of the airways raised to the fourth power. Therefore,
on the basis of the micro-CT data we conclude that the
remodeling of bronchiolar tissue in COPD results from a process
that first narrows and then removes a large number of bronchi-
oles from the lung. Moreover, we have postulated that the
previously reported association between the thickening of
airways less than 2 mm in diameter and a decline in FEV,
results from the removal of many airways, with a trend toward
leaving behind those that have thickened their walls (8).



670

COMPARISON OF TISSUE REPAIR GENE EXPRESSION IN
SMALL AIRWAYS AND SURROUNDING LUNG TISSUE

The concept that emphysematous destruction begins in terminal
and preterminal bronchioles and spreads into the respiratory
bronchioles was first suggested in the classic description of
centrilobular emphysema by Leopold and Gough (25). Their
analysis of 90 individual centrilobular lesions reconstructed
from serial histological sections showed that the preterminal
and terminal bronchioles leading into the destroyed respiratory
bronchioles were infiltrated by a mixture of lymphocytes and
plasma cells in 86% (78 of 90) of lesions and that connective
tissue deposited within this inflammatory process thickened the
walls and narrowed the lumen in 60% (54 of 90) of these
airways. A more recent report has also shown that more of the
variance in the association between airway pathology and
decline in FEV; was explained by thickening of small bronchi
and bronchioles than by infiltration of any inflammatory cell
types (8). Moreover, the micro-CT data presented previously
show that the narrowing and removal of terminal bronchioles
precede the onset of emphysematous destruction. Collectively,
these data suggest that the close proximity of airway thickening
to emphysematous destruction in COPD might result from
a shift in the balance between synthesis and degradation that
controls collagen deposition during tissue repair. The observa-
tion that collagen deposition in tissue undergoing repair de-
pends on the balance between synthesis and degradation was
first developed in studies of wound healing, in which radio-
labeled proline was administered to animals followed by
measurement of its incorporation into the hydroxyproline
present in collagen deposited in test wounds. An early report
from Madden and Peacock (26) using this technique showed
(Figure 1) that collagen synthesis begins within a few days of
injury and continues to be incorporated at a constant rate long
after the total amount of collagen has stabilized within the
wound. This indicates that total collagen deposited during the
repair of damaged tissue is maintained at a constant level by
continuous turnover that is based on a balance between
synthesis and degradation of collagen. Similar observations
have been made in lung tissue undergoing fibrosis (27) and in
mice in which both wall thickness and hydroxyproline content in
bronchoalveolar lavage fluid increase after chronic exposure to
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Figure 1. The remodeling of repetitively damaged tissue. Shown is a
comparison of collagen accumulation in a wound predicted from
measurements of the rate of labeled hydroxyproline incorporation
(upper curve) and actual values (lower curve). Difference between curves
(brackets) indicates that deposition is determined by a balance between
synthesis and degradation. Adapted by permission from Reference 26.
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tobacco smoke (28, 29). An important difference between single
and repetitive forms of injury is that the inflammatory process
begins to disappear at about the same time that collagen
synthesis starts after a single injury but persists in association
with repetitive injury.

Figure 2 is modified from a standard textbook of pathology
(1) to show some of the major genes controlling collagen
deposition in repetitively damaged tissue. Figure 2 and the
third set of experiments to be discussed here were designed to
compare the pattern of expression of a signature set of wound-
healing genes in the bronchiolar tissue with that present in the
tissue immediately surrounding these airways. These experi-
ments were based on lung tissue collected from 63 persons in a
manner that has been previously described in detail (30). These
subjects included 16 with normal lung function who served as
control subjects for 18 with mild (GOLD stage 1), 17 with
moderate (GOLD stage 2), and 12 with either severe (GOLD
stage 3) or very severe (GOLD stage 4) COPD. All these tissues
were filled with cryomatrix and rapidly frozen, and samples cut
from them were used to prepare histological sections. Laser
capture microdissection was then performed on these frozen
sections to remove all the bronchioles present on each slide and
collect them into a test tube. Each of these samples was then
paired with the remaining lung tissue by simply scraping the
remainder into a separate test tube. This procedure provided
a total of 136 paired samples of small airways and surrounding
lung tissue from these 63 persons; 35 from the 16 control cases,
37 from the 18 cases with GOLD stage 1, 36 from the 17 cases
with GOLD stage 2, and 28 from the 12 cases with either
GOLD stage 3 or GOLD stage 4 COPD. RNA isolated from
these 136 paired samples was then amplified, converted to
cDNA, and stored for subsequent examination of gene expres-
sion by real-time polymerase chain reaction. The expression of
54 genes that have been associated with the repair of re-
petitively damaged tissue (Figure 2) was then measured in each
of these samples (30).

The FEV; was compared with the measured level of ex-
pression of each of these genes from each patient, using linear
regression analysis (31). After corrections for false discovery
rates, 8 of 12 genes that remained statistically significantly
related to FEV; increased their expression in the tissue
surrounding the bronchioles as FEV; declined. Interestingly,
these eight genes (early growth response-1 [EGRI1], matrix
metalloproteinase [MMP]-1, MMP-9, MMP-10, urokinase plas-
minogen activator [PLAU], urokinase plasminogen activator
receptor [PLAUR], tumor necrosis factor [TNF], and IL-13)
have all been previously implicated in the pathogenesis of
emphysema either in animal models or in human lung tissue.
For example, the mouse model of emphysema produced by
overexpression of IL-13 by Elias and colleagues has been shown
to be caused by MMP-9 under the control of the transcription
factor EGR1 (32, 33). Moreover, Ning and colleagues (34) also
reported that EGR1 is increased in human lung tissue from
patients with moderately severe COPD, and D’Armiento and
colleagues (35, 36) reported that MMP-1 overexpression pro-
duced emphysema in both genetically manipulated mice and
lung tissue from patients with COPD. Pathway analysis of
a signature set of 203 differentially regulated genes by Wang
and colleagues (37) identified PLAU and PLAUR expression
as important in the progression of COPD. Furthermore, TNF
has also been implicated in the pathogenesis of COPD in a
variety of studies, but the enthusiasm for this concept has been
dampened by the failure of anti-TNF therapy to modify the pro-
gression of COPD, suggesting that its role may not be central to
the pathogenesis of this disease (38). Finally, Pinto-Plata and
colleagues (39) identified MMP-10 as a possible biomarker for
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Figure 2. The repair of repetitively damaged tissue. Shown is a diagram modified from Robbins and Cotran (1) to indicate that tobacco smoking is
similar to other forms of repetitive injury in that it results in a persistent inflammatory response. Moreover, the cells participating in the persistent
inflammatory process generate the transcription factors, growth factors, cytokines, and enzymes required to create the balance between collagen
synthesis and degradation that determines the deposition of collagen in the tissue undergoing repair growth. The essence of our working hypothesis
is that in the peripheral lung this balance favors deposition of collagen in the damaged bronchiolar tissue in the early stages of chronic obstructive
pulmonary disease. However, this balance shifts toward degradation of the terminal bronchioles, leaving relatively thickened airways behind as the
process spreads into the respiratory bronchioles to initiate emphysematous destruction.

COPD, but excluded it from subsequent analysis because it
lacked biological plausibility in COPD pathogenesis.

In sharp contrast, examination of the same gene set in the
paired samples of bronchiolar tissue showed that 8 of the 10
genes that remained significantly related to the decline in FEV;
decreased their expression as COPD became more severe (31),
suggesting that the genes associated with tissue repair during
wound healing nearly all shut down. This analysis also failed to
identify any associations between a decline in FEV; and the
expression of transforming growth factor (TGF)-B; and/or other
growth factors such as connective tissue growth factor, platelet-
derived growth factor, and fibroblast growth factor that are
downstream in this cascade (40). The failure to identify in-
creased TGF-B; expression as COPD becomes more severe was
especially surprising considering the substantial literature im-
plicating it in the pathogenesis of COPD (40-42). However, this
shutdown of TGF-B; and its downstream cascade becomes
easier to understand if it were associated with both the disap-
pearance of bronchioles and the onset of the emphysematous
destruction as the quantitative histology and micro-CT studies
presented earlier in this presentation suggest.

In summary, these preliminary results provide quantitative
histological data showing that progression of COPD is associ-
ated with an overall reduction in bronchiolar tissue. In associ-
ation with the micro-CT evidence, this reduction in bronchial
tissue can be attributed to a remodeling process that first narrows
and then removes a large number of bronchioles, leaving
relatively thickened airways behind. Moreover, the micro-CT
studies also show that this reduction in the terminal bronchioles
begins before the onset of emphysematous destruction, indicat-
ing that it may begin early in the natural history of COPD.
Finally, this modest survey of the expression of tissue repair
genes during wound healing shows that a cluster of genes that
have already been implicated in the pathogenesis of tissue

destruction in COPD in both humans and in animal models
increase their expression in the tissue surrounding the small
airways as FEV; declines. In contrast, most genes associated with
tissue accumulation decreased their expression in bronchiolar
tissue and showed a similar trend in the surrounding lung tissue.
Collectively, these observations fit with the hypothesis originally
put forward by Leopold and Gough (25) that centrilobular
emphysema actually begins in the terminal and preterminal
bronchioles before spreading into the respiratory bronchioles,
but also extend their data by providing quantitative histology,
micro-CT, and preliminary gene expression data showing that in
addition to the thickening and narrowing of terminal bronchioles
that they observed, the majority of the terminal bronchioles are
removed before the onset of emphysematous destruction. Future
studies of genome-wide expression in human lung tissue from
patients with COPD could improve our understanding of these
issues, especially if emphysematous destruction and airway
narrowing and obliteration are used as the outcome variables
rather than FEV;. Although we have made a modest beginning
in this area with A. Spira and the Boston group (43), the results
are too preliminary to discuss at this time.
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