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Chemokines in Bronchiolar Epithelium in the Development of
Chronic Obstructive Pulmonary Disease
Satoshi Fuke, Tomoko Betsuyaku, Yasuyuki Nasuhara, Toshiaki Morikawa, Hiroyuki Katoh, and Masaharu Nishimura

First Department of Medicine and Second Department of Surgery, Hokkaido University School of Medicine, Sapporo, Japan

The inflammatory chemokines interleukin-8, macrophage inflam-
matory protein-1�, and monocyte chemoattractant protein-1, are
reportedly involved in the pathogenesis of chronic obstructive pul-
monary disease (COPD). Although bronchiolar epithelial cells and
macrophages are known to be the cellular sources, the relative
contribution of each cell type remains to be elucidated. In the
present study, we first quantified cytokine mRNA in human bronchi-
olar epithelial cells and macrophages obtained using laser-capture
microdissection and explored the relationship with early-stage
COPD. Only in bronchiolar epithelial cells were interleukin-8, macro-
phage inflammatory protein-1�, and monocyte chemoattractant
protein-1 mRNA levels higher in smokers with airflow limitation
and/or emphysema than those in never-smokers or smokers with-
out either airflow limitation or emphysema. No difference was ob-
served in macrophages. Complementary DNA (cDNA) array further
revealed the overexpression of CC chemokine receptor 2 in bronchi-
olar epithelial cells from smokers with airflow limitation and/or
emphysema. This study supports the role of bronchiolar epithelium
as the source of increased inflammatory chemokine levels in the
early development of COPD and also demonstrates the potential
use of laser-capture microdissection, combined with reverse tran-
scriptase–polymerase chain reaction and cDNA microarrays, to in-
vestigate functional profiles of individual structural and inflamma-
tory cells in human lungs.

Although terminal bronchioles are known to be critical in a
variety of smoking-related lung diseases (1) and are the major
sites of airflow limitation in smokers (2, 3), quantitative analysis
of the expression of inflammatory mediators by bronchiolar epi-
thelial cells has been limited because of the difficulty in harvest-
ing cells from living subjects. In contrast, larger airway epithelial
cells have been well characterized in numerous studies (4, 5).
Using a new ultrathin fiberscope, Takizawa and colleagues har-
vested a sufficient number of living epithelial cells from the
peripheral airways of volunteers to produce single-cell suspen-
sions for short-term cell culture. In smokers, intercellular adhe-
sion molecule-1 and interleukin (IL)-8 were upregulated in
epithelial cells from the small airways, but not from the large
airways, thus suggesting the site-dependent characteristics of
airway epithelial cells in response to smoking (6). However, this
novel approach suffers from the possibility of inducing cellular
changes resulting from disrupting cell–cell and cell–matrix rela-
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tionships, digesting cell surface proteins, and incubating cells in
culture conditions. While in situ hybridization and immunohisto-
chemistry are useful for analysis of a small number of mRNAs
and protein gene products in situ, and has indeed characterized
the expression of inflammatory chemokines in bronchiolar epi-
thelial cells in chronic obstructive pulmonary disease (COPD)
(7, 8), these techniques may not be practical for analysis of large
numbers of mRNAs or gene products.

Microdissection techniques have, in recent years, become an
accepted approach for harvesting specific cell types in tissues
for downstream applications of DNA, RNA, and protein analysis
without disrupting the in vivo status of the cells (9). Laser-
capture microdissection (LCM) is now a widely used approach
to microdissection (10). Betsuyaku and colleagues first reported
that application of LCM coupled with quantitative reverse tran-
scriptase–polymerase chain reaction (RT-PCR) permitted analy-
sis of cell-specific gene expression in terminal bronchiolar epithe-
lial cells in a bleomycin mouse model (11). The aim of this study
was to use LCM to isolate bronchiolar epithelial cells and macro-
phages from surgically resected lung tissue to quantify cell type–
specific gene expression of three inflammatory chemokines that
are reportedly relevant to the pathogenesis of COPD: IL-8, macro-
phage inflammatory protein (MIP)-1�, and monocyte chemo-
attractant protein (MCP)-1. The tissues used in this study were
derived from lifelong never-smokers, smokers without either
airflow limitation or emphysema, and smokers with airflow limi-
tation and/or emphysema who were considered to have early-stage
COPD. We further subjected the RNA from LCM-retrieved
bronchiolar epithelial cells to complementary DNA (cDNA) array
analysis to explore the possibility that expression of multiple chemo-
kine and chemokine receptor genes are affected during the early
stages of COPD.

Materials and Methods

Subjects

Lung tissue specimens were obtained from 30 patients who underwent
lung resection for small peripheral tumors. Steady-state measurements
of vital capacity, forced expiratory volume in one second (FEV1), and
diffusing capacity were performed in all subjects (CHESTAC-55V;
Chest Co., Tokyo, Japan) before surgery. Airflow limitation was de-
fined as an FEV1/forced vital capacity (FVC) of less than 70%. High-
resolution chest computed tomography (CT) scans were performed in
all subjects and the presence of emphysematous changes was deter-
mined as previously described (12). Subjects were classified into three
groups: 10 never-smokers (2 males and 8 females); 10 smokers without
either airflow limitation or emphysema (8 males and 2 females); and
10 smokers with airflow limitation and/or emphysema (9 males and
1 female). None of the subjects had a history of asthma, nor did any
subjects suffer from acute respiratory infections in the preceding month.
Smoking history was documented in a questionnaire in which the dura-
tion of smoking and the amount of currently and previously smoked
cigarettes (pack-years) were specifically addressed. Informed consent
was obtained from each subject and the Ethics Committee of Hokkaido
University School of Medicine approved the study protocols. None of
the subjects was on regular medication for respiratory disease.
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Tissue Preparation

Six or more blocks of lung tissue (1.0 � 1.0 � 0.5 cm) were randomly
removed from freshly excised, tumor-free peripheral lung as soon as
possible after resection. Tissue specimens were inflated with diluted
Tissue-Tek OCT (Sakura Finetek U.S.A., Torrance, CA) (50% vol/vol)
in RNase-free phosphate-buffered saline (PBS) containing 10% sucrose
using a 10-ml syringe with a 22G-needle. Each block was placed in the
base of a cryomold (Sakura Finetek U.S.A.), carefully overlaid with
additional Tissue-Tek OCT, and was immediately frozen with dry ice
(usually � 2 min). The pieces of lung were kept flat in the bottom of
the cryomold to maximize the area of tissue that was sectioned. To
minimize RNA degradation, we typically produced frozen blocks of
tissue within 5 min of lobe removal from the thoracic cavity. Each block
was individually wrapped in aluminum foil and stored at �80�C until
sectioning.

Sampling of Bronchiolar Epithelial Cells by LCM

Tissues were sectioned at 7 �m in a cryostat (Leica, Nussloch, Ger-
many). Frozen sections were placed on plain glass slides (Matsunami,
Osaka, Japan) and were then immediately fixed in 70% ethanol for
5 min before being rehydrated in RNase-free water for 30 s. Tissue was
then stained with 0.5% Nissl (cresyl violet acetate) (Sigma Chemical, St.
Louis, MO)/0.1 M sodium acetate buffer for 15 s, followed by dehydra-
tion in a graded series of 70%, 95%, and 100% (twice) ethanol (30 s
each) and cleaning in xylene for 9 min (3 times for 3 min each) before
LCM. Slides were completely air-dried to prevent activation of endoge-
nous RNase in the tissues. LCM of bronchiolar epithelial cells was
performed using a PixCell II System (Arcturus Engineering, Mountain
View, CA) with the following parameters: laser diameter, 15 �m; pulse
duration, 1.5 ms; amplitude, 25–50 mW. After samples were captured on
transfer films (CapSure Transfer Film TF-100; Arcturus Engineering),
nonspecific attached components were removed using adhesive tape
(CapSure Pad; Arcturus Engineering). Bronchiolar epithelial cells were
retrieved from the terminal bronchiole and proximally along airways
of up to � 500 �m in diameter. At least 6 bronchioles were randomly
selected and a total of 40,000 laser bursts were used to collect cells
from each subject’s specimen.

Sampling of Macrophages by Immuno-LCM

We made slight modifications to the reported protocol of immuno-
LCM (13). To identify macrophages in the lung, sections were stained
with mouse monoclonal anti-human cluster of differentiation 68 (CD68)
antibodies (Dako, Carpinteria, CA) as previously reported (14) using
an EnVision� kit (Dako). Tissues were cut and fixed in 70% ethanol
for 5 min and washed in RNase-free water for 30 s as above. Sections
were then washed in PBS twice for 30 s each and incubated in anti-
CD68 antibody at a 1:40 dilution in PBS containing 400 U/ml RNase
inhibitor (Applied Biosystems, Foster City, CA) for 5 min. After wash-
ing in PBS, sections were exposed to a horseradish peroxidase (HRP)–
labeled polymer conjugated with secondary mouse and rabbit antibod-
ies from the kit for 5 min. After washing in RNase-free water and PBS,
sections were incubated with diaminobenzidine for 2 min and were
washed in RNase-free water. Sections were then dehydrated as above
and cleaned in xylene for 90 s (3 times for 30 s each) before LCM.
Slides were completely air-dried until use to prevent RNA degradation.
RNase inhibitor (400 U/ml) was added in all aqueous steps, including
color development. Macrophages localized in the alveolar space and
in the alveolar walls were harvested by LCM as described above using
a laser beam diameter of 7.5 �m. A total of 30,000 laser bursts were
used to collect cells from each subject.

RNA Purification and Reverse Transcription

Total RNA was extracted from LCM samples from bronchiolar epithe-
lial cells and macrophages, as well as from the serial sections adjacent
to the sections used for LCM, referred to as whole sections of lung
tissue, using an RNeasy Mini kit (Qiagen, Hilden, Germany), and was
eluted in 31 �l of elution buffer included in the kit. RNA was reverse-
transcribed using random hexamers from the TaqMan Reverse Tran-
scription Reagents and RT Reaction Mix (Applied Biosystems) in a
total volume of 60 �l at 25�C for 10 min, at 42�C for 30 min, and at
94�C for 5 min on the ABI PRISM 7,700 Sequence Detection System

(Applied Biosystems). The resulting first-strand cDNA was used as a
template for RT-PCR.

5�-Exonuclease–Based Fluorogenic PCR

Quantitative PCR was performed using an ABI PRISM 7,700 Sequence
Detector (Applied Biosystems) as described previously (11). Oligonu-
cleotide PCR primer pairs and fluorogenic probes for IL-8 were de-
signed based on published sequences using Primer Express software
(Applied Biosystems) (15). Assays-on-Demand gene expression probes
were used for MIP-1� and MCP-1, and were derived from the boundary
of exons 1 and 2 of the human MIP-1� gene sequence (GenBank
accession number: NM002983) and from the boundary of exons 1 and
2 of the human MCP-1 gene sequence (GenBank accession number:
NM002982) (Applied Biosystems). Primers and a labeled probe for
glyceraldehyde-3-phosphatase-dehydrogenase (GAPDH) cDNA as
an endogenous control were purchased from Applied Biosystems
(TaqMan human GAPDH control reagents). PCRs for the target gene
and GAPDH were performed in separate tubes to avoid possible com-
petition and/or interference (16). Briefly, a 2-�l aliquot of the RT
products (cDNA) from bronchiolar epithelial cells or from macro-
phages, or a 0.5-�l aliquot of those from whole lung sections, was placed
into each tube and PCR was performed using TaqMan Universal PCR
Master Mix (Applied Biosystems) in a total volume of 25-�l. PCR was
performed for 40 cycles, consisting of a denaturation step at 95�C for
15 s and a combined annealing and extension step at 60�C for 1 min.
For linear regression analysis of unknown samples in each assay, a
standard curve was generated using 8- or 10-fold serial dilutions of
cDNA from human alveolar macrophages obtained by bronchoalveolar
lavage (BAL) from a normal control subject as described previously
(17). The relative amount of target mRNA in the samples was assessed
by interpolation of their threshold cycles from a standard curve and
was then normalized against GAPDH mRNA. PCR assay was indepen-
dently performed three times to confirm reproducibility, and represen-
tative data are shown.

cDNA Array Analysis

The nonradioactive GEArray Q series cDNA expression array filters
containing 77 chemokine and chemokine receptor genes (HS-005N;
SuperArray Inc., Bethesda, MD) were used according to manufacturer’s
instructions (18). Because the number of cells obtained practically by
LCM from one subject is not sufficient for cDNA array, even with the
amplification step, and because we wanted to reduce the number of
cDNA arrays used, bronchiolar epithelial cells were harvested by LCM
bursting of 15,000 laser shots per person and were pooled from 10
subjects in each group. Total RNA from pooled cells was extracted
as described above and was quantified using a NanoDrop ND-1000
Spectrophotometer (NanoDrop Technologies, Montchanin, DE). The
ratio of absorbance at 260 and 280 nm was used to assess the purity of
RNA. An aliquot of RNA (120 � 150 ng), of which the 260/280 ratio
was � 2.0, was used to synthesize labeled cDNA probes with an Ampo-
Labeling–LPR kit (L-03; SuperArray Inc.), which was followed by hy-
bridization to the filter. Relative amounts of mRNA transcripts on
the filter were quantified using the Fluor-S Max MultiImager System
combined with Quantity One (Bio-Rad, Hercules, CA). The relative
amounts of a given gene transcript were estimated by comparing the
signal intensity with the signal derived from GAPDH on each filter.
A more than 2-fold increase in signal intensity between groups was
considered significant.

Data Presentation and Statistical Analysis

Group data are expressed as mean � SEM, or as median and range
when appropriate. The statistical analysis was done by single factor
analysis of variance, and then Fisher’s protected least significant differ-
ence test was applied as a post hoc test for multiple comparisons in
analysis of variance when appropriate in the StatView J 5.0 System
(SAS Institute Inc., Cary, NC). Statistical significance was set at P � 0.05.

Results

Subjects

Clinical characteristics of the subjects are summarized in Table
1. Subjects in each group are listed in order of decreasing FEV1
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TABLE 1. Clinical characteristics of subjects

Age (yr) Sex Pack-Years Smoking Cessation FEV1 (% Pred) FEV1/FVC (% ) Emphysema on HRCT

Never-smoker 79 F 0 154 79 –
74 F 0 128 74 –
87 F 0 116 72 –
63 F 0 113 93 –
67 F 0 112 80 –
56 F 0 106 71 –
65 F 0 103 77 –
72 M 0 99 79 –
30 M 0 82 82 –
58 F 0 71 75 –

Smoker without either airflow
limitation or emphysema 78 M 168 7 d 152 80 –

73 M 37 4 yr 128 82 –
67 M 10 27 yr 123 91 –
73 M 56 8 yr 123 80 –
39 F 20 2 mo 122 90 –
47 F 11 14 d 103 82 –
31 M 17 1.5 mo 101 82 –
70 M 90 9 yr 94 76 –
68 M 41 9 yr 81 89 –
63 M 65 7 d 71 75 –

Smoker with airflow limitation
and/or emphysema 76 M 20 16 yr 126 60 �

77 M 100 3 yr 112 59 �

54 M 85 9 d 101 79 �

53 M 30 2 yr 99 77 �

76 M 56 1.5 mo 97 62 �

77 M 46 12 yr 96 64 �

60 M 53 7 d 96 67 –
75 F 56 14 d 92 66 –
73 M 59 4 yr 85 64 –
65 M 45 7 d 72 73 �

Definition of abbreviations: FEV1 (% pred), forced expiratory volume in 1 s % predicted; FVC, forced vital capacity; F, female; HRCT, high-resolution computed
tomography; M, male.

(% predicted). No differences were observed in age among the
three groups (never-smoker, 65 � 5 yr; smoker without either
airflow limitation or emphysema, 61 � 5 yr; smoker with airflow
limitation and/or emphysema, 67 � 3 yr, NS). Both groups of
smokers were similar in pack-years of smoking (smokers without
either airflow limitation or emphysema, 52 � 15 pack-years;
smokers with airflow limitation and/or emphysema, 55 � 7 pack
years, NS) with various durations of smoking; seven of these
subjects had stopped smoking within a month of this study. The
group of smokers with airflow limitation and/or emphysema
consisted of 7 subjects with FEV1/FVC under 70% and 3 subjects
with emphysema without airflow limitation. In this group, the
7 patients who were identified as having emphysema had low
attenuation areas comprising less than 25% of the total area on
CT scans.

LCM of Bronchiolar Epithelial Cells

The bronchiolar epithelial cell layer is located and the laser is
then pulsed over cells immediately adjacent to the lumen of the
airway such that a portion of the beam is over the lumen to
ensure that subepithelial cells are not directly in the path of the
laser beam. Bronchioles from never-smokers showed thin walls
with no evidence of muscle hypertrophy or fibrous tissue, and
no apparent inflammatory cell number (Figure 1). In contrast,
various abnormalities were observed in bronchioles from smok-
ers, such as inflammatory cell infiltration, fibrosis, pigment depo-
sition, and squamous metaplasia, regardless of airflow limitation
and/or emphysema. Figure 2 shows the lung sections from a
smoker with airflow limitation and emphysema who ceased
smoking 16 yr ago.

Immuno-LCM of Macrophages

General dye-based histologic staining methods do not readily
differentiate macrophages in lung tissues, and thus the immuno-
histochemical protocol used for LCM in this study was developed
for definitive localization of macrophages. Lung sections were
immunostained for anti-CD68 antibody. Instillation of TissueTek
into the lung airways prevented alveolar collapse. Not only
macrophages located in alveolar spaces, but also macrophages
adjacent to or within the alveolar walls could be easily distin-
guished from alveolar epithelial cells. Immuno-LCM for macro-
phages is depicted in Figure 3. Figures 3a–3d show lung tissue
from a never-smoker. Figures 3e–3h show lung tissue from a
smoker with emphysema who smoked cigarettes until 9 d before
surgery. There are more aggregated macrophages present in the
alveolar spaces of the smoker’s lung than in the never-smoker’s
lung.

IL-8, MIP-1�, and MCP-1 Expression in LCM-Retrieved
Bronchiolar Epithelial Cells and Macrophages
and in Whole Sections of Lung Tissue

In LCM-retrieved bronchiolar epithelial cells, IL-8 mRNA/
GAPDH mRNA was significantly elevated in smokers with air-
flow limitation and/or emphysema when compared with smokers
without airflow limitation or emphysema and never-smokers (me-
dian, 10.4; range, 4.4–68.4 versus median, 4.3; range: 1.2–14.8; and
median, 5.6; range, 1.8–9.1; P � 0.05) (Figure 4). MIP-1� mRNA/
GAPDH mRNA was significantly elevated in smokers with airflow
limitation and/or emphysema when compared with smokers with-
out airflow limitation or emphysema (median, 1.3; range, 0.2–7.6
versus median, 0.6; range, 0.1–1.1; P � 0.05). MCP-1 mRNA/
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Figure 1. LCM of bronchiolar epithelial cells from a never-
smoker. (a ) Normal membranous bronchiole with thin wall
(Nissl stain, original magnification �40). Bronchiolar epi-
thelial cells are indicated with arrows. (b ) Targeted bron-
chiolar epithelial cells, at which a 15-�m diameter laser
was pulsed during the LCM procedure (�200). (c ) Post-
dissection photo after removal of bronchiolar epithelial
cells (�40). Tissue surrounding the extracted cells remains
intact after the procedure. (d ) LCM-captured bronchiolar
epithelial cells on the capture disk (�40).

GAPDH mRNA was also significantly elevated in smokers with
airflow limitation and/or emphysema when compared with smok-
ers without airflow limitation or emphysema and never-smokers
(median, 7.8; range, 1.8–62.2 versus median, 2.6; range, 0.3–10.9;
and median, 4.5; range, 0.9–16.6; P � 0.05) (Figure 4). Among
smokers with airflow limitation and/or emphysema, there were
no correlations between these expression levels and FEV1/FVC,
diffusing capacity for carbon monoxide/alveolar volume or the
severity of emphysematous changes on CT scans. Smoking status
of these patients (former versus current smoker) had no effect
on the levels of IL-8, MIP-1�, or MCP-1 expression. In Figures
4a and 4c, the subject with the highest values of IL-8 and MCP-1
in bronchiolar epithelium is shown and is the same person, a 76

Figure 2. LCM of bronchiolar epithelial cells from a
smoker with airflow limitation and emphysema. (a ) Fibrosis
of membranous bronchiole (Nissl stain, original magnifica-
tion �40). Bronchiole wall is thickened with dense fibrosis.
Destruction of alveolar walls and enlargement of alveolar
spaces can also be seen. Bronchiolar epithelial cells are
indicated with arrows. (b ) Targeted bronchiolar epithelial
cells, at which a 15-�m diameter laser was pulsed during
the LCM procedure (�200). (c ) Post-dissection photo after
removal of bronchiolar epithelial cells (�40). Peribronchio-
lar fibrotic tissues adjacent to extracted cells remain intact
after the procedure. (d ) LCM-captured bronchiolar epithe-
lial cells on the capture disk (�40).

yr-old male with 56 pack-years of smoking in Table 1, while the
level of MIP-1� in this subject was third highest among the group
of smokers with airflow limitation/emphysema (Figure 4b). The
statistical significance of IL-8 and MCP-1, but not of MIP-1�,
remains even without inclusion of this one individual. Analysis
of all subjects reveals a significant positive correlation between
the levels of IL-8 and MCP-1 mRNA in LCM-retrieved bronchi-
olar epithelial cells (r 	 0.86, P � 0.001).

In contrast, expression of IL-8, MIP-1�, and MCP-1 in LCM-
retrieved macrophages did not differ significantly among the three
groups (Figure 5) and there was no significant intra-individual
correlation between the expression levels of IL-8, MIP-1�, or
MCP-1 in bronchiolar epithelial cells and those in macrophages.
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Figure 3. LCM of macrophages. (a–d) Lung sections from
a never-smoker and (e–h) lung sections from a smoker
with emphysema, but no airflow limitation. To identify
macrophages in the lungs, sections were stained with mouse
monoclonal anti-human CD68 antibodies. There are more
clustered macrophages seen in the smoker’s lung than in
the never-smoker’s lung. Arrows and arrowheads indicate
alveolar macrophages and interstitial macrophages, respec-
tively. (a–e) The lungs before LCM. Macrophages are iden-
tifiable in the given position next to the septum as well as
in alveolar spaces. (b and f ) The macrophages targeted by
the 7.5-�m diameter laser pulses during the LCM proce-
dure. (c and g ) Post-dissection photos after removal of
macrophages. Alveolar walls surrounding the harvested
macrophages remain intact after the procedure. Arrows
and arrowheads indicate the prior positions of alveolar
macrophages and interstitial macrophages, respectively.
(d and h ) LCM-captured macrophages on the capture disk
(original magnification �200).

In whole sections of lung tissue, expression of IL-8 and MCP-1
did not significantly differ among the three groups, although
significant upregulation of MIP-1� in smokers with airflow limi-
tation and/or emphysema was observed when compared with
smokers without airflow limitation or emphysema and never-
smokers (median, 1.4; range, 0.6–5.4 versus median, 0.7; range,
0.2–1.2 and median, 0.8; range, 0.3–1.4; P � 0.05) (Figure 6).
The subject mentioned above also showed the highest values
both in IL-8 and in MCP-1 in whole lung (Figures 6a and 6c),
whereas the level of MIP-1� was sixth highest among the smokers
with airflow limitation/emphysema (Figure 6b).

cDNA Array Analysis

To screen multiple chemokine and chemokine receptor genes
for expression in bronchiolar epithelial cells, cDNA array analy-
sis was used (Figure 7, Table 2). IL-8 was upregulated in smokers
with airflow limitation and/or emphysema compared with the
others, which was consistent with the results of RT-PCR for
individuals, as described above (Table 2, Figure 4). On the arrays,

Figure 4. IL-8, MIP-1�, and MCP-1
expression in LCM-retrieved bron-
chiolar epithelial cells. (a ) IL-8, (b )
MIP-1�, and (c ) MCP-1. Expression
of IL-8, MIP-1�, and MCP-1 was sig-
nificantly elevated in smokers with
airflow limitation and/or emphysema
when compared with smokers without
either airflow limitation or emphy-
sema, respectively. Differences in IL-8
and MCP-1 expression between smok-
ers with airflow limitation and/or em-
physema and never-smokers were also
seen. For smokers, length of cessation
of smoking had no significant effect on
these expression levels (open circles,
smokers who stopped smoking more
than a month before study; closed cir-
cles, smokers who stopped smoking
less than a month before study).

CC chemokine receptor 2 (CCR2) was another gene of note,
showing significant upregulation in smokers with airflow limita-
tion and/or emphysema. In addition, it was revealed that the
genes coding for Duffy blood group, growth-related oncogene
1 and 3, and leukotriene B4 receptor were constitutively ex-
pressed in bronchiolar epithelial cells and showed no differences
among the three groups. Expression of MCP-1 and MIP-1� were,
however, below the detection limit of the array for all groups.
To examine whether the low signals for MIP-1� and MCP-1
were due to the poor sensitivity of this method, the RNA aliquot
applied to the array from each group was tested for IL-8, MIP-�,
and MCP-1 by quantitative RT-PCR. All three genes were de-
tectable in the same pooled RNA samples by RT-PCR and more
than 2-fold increases were observed for each gene in smokers
with airflow limitation and/or emphysema when compared with
smokers without airflow limitation or emphysema, which was
consistent with the results of RT-PCR for individuals as de-
scribed above (Table 2, Figure 4). Quantitative RT-PCR thus
proved more sensitive than the cDNA array for these genes.
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Figure 5. IL-8, MIP-1�, and MCP-1
expression in LCM-retrieved macro-
phages. (a ) IL-8, (b ) MIP-1�, and (c )
MCP-1. Expression of IL-8, MIP-1�,
and MCP-1 in LCM-retrieved macro-
phages did not differ significantly be-
tween never-smokers, smokers without
either airflow limitation or emphysema,
and smokers with airflow limitation
and/or emphysema for 19 subjects
tested. For smokers, the levels did not
vary significantly with length of ces-
sation of smoking (open diamonds,
smokers who stopped smoking more
than a month before study; closed dia-
monds, smokers who stopped smoking
less than a month before study).

Discussion

The lungs are anatomically complex organs, and thus gene ex-
pression analysis using tissue homogenates inevitably results in
average expression levels of all cells present. LCM allows a single
type of cell from specific tissue sections to be retrieved, and thus
provides an opportunity to perform quantitative RT-PCR from
specific cell types (19). An increasing number of studies are now
using laser-assisted microdissection techniques to analyze cell-
specific gene expression in complex tissues (20). To date, how-
ever, the published application of LCM to retrieve lung structural
cells has been mostly for animal models (11, 21). For human
tissues, RNA extraction requires more stringent safeguards for
tissue preservation as well as RNase-free conditions due to its
higher sensitivity to degradation by ubiquitously present RNase.
This is the first study to quantify inflammatory chemokine mRNA
levels in two different cell types in human lung using LCM

Figure 6. IL-8, MIP-1�, and MCP-1
expression in whole sections of lung
tissue. (a ) IL-8, (b ) MIP-1�, and (c )
MCP-1. Significant upregulation of
MIP-1� in smokers with airflow limita-
tion and/or emphysema was observed
when compared with the other two
groups. On the other hand, IL-8 and
MCP-1 expression levels did not differ
significantly between the three groups.
For smokers, levels were not signifi-
cantly affected by length of cessation
of smoking (open triangles, smokers
who stopped smoking more than a
month before study; closed triangles,
smokers who stopped smoking less
than a month before study).

combined with RT-PCR and cDNA array to establish possible
links with the pathogenesis of COPD.

Bronchiolar epithelial cells from patients with airflow limita-
tion and/or emphysema demonstrated significantly elevated
IL-8, MIP-1�, and MCP-1 expression when compared with smok-
ers without either airflow limitation or emphysema, while no
differences were observed between never-smokers and smokers
without either airflow limitation or emphysema. In contrast,
macrophages in the lungs did not differ with regard to mRNA
levels for those genes among the three groups, despite a wide
range of individual variation. Thus, irrespective of smoking his-
tory, having even mild airflow limitation and/or presence of mild
parenchymal destructive changes are associated with elevations
in inflammatory chemokine mRNA levels in bronchiolar epithe-
lial cells, but not in macrophages. Our observations also suggest
that a history of chronic smoking alone does not necessarily
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Figure 7. cDNA array analysis of chemokines and chemokine receptors
in LCM-retrieved bronchiolar epithelial cells. Genes expressed are iden-
tified as a specific hybridization signal. (a ) Never-smoker, (b ) smoker
without either airflow limitation or emphysema, and (c ) smoker with
airflow limitation and/or emphysema. Overexpression of IL-8 and CCR2
are noted in smokers with airflow limitation and/or emphysema.

alter the phenotype of either bronchiolar epithelial cells or mac-
rophages to upregulate these inflammatory chemokines. The
results further show that elevated expression of these chemo-
kines may persist in bronchiolar epithelial cells, leading to re-
cruitment of inflammatory cells, even after smoking cessation
among patients developing COPD (22, 23).

For each chemokine gene, the range of expression levels was
wide and mostly overlapped among the subject groups even
though there were statistical differences among them. In addi-
tion, there was no significant correlation with disease severity
among subjects with airflow limitation and/or emphysema. A
likely explanation is that, due to the heterogeneity of the disease
at early stages, the tissue specimens obtained did not necessarily
reflect the phenomena at the site of airway obstruction and/
or parenchymal destruction. Although our interests have been
focused on the pathogenesis of early-stage COPD, future investi-
gation of patients with severe COPD is crucial for comparison.
Even in the early stages of the disease, it should be taken into
consideration that combining smokers having only airflow ob-
struction with smokers having only emphysema in one group
may be mixing different types of disease pathogenesis.

Using the BAL technique, we examined what could differen-
tiate current smokers having mild emphysema from individuals
who had a similar smoking history, but who did not have emphy-
sema. We found that the concentration of neutrophil-derived
granular proteins, such as neutrophil elastase–�1 protease inhibi-
tor complex (12), human neutrophil lipocalin, neutrophil colla-
genase (24), and IL-8 (15) are significantly elevated in BAL fluid
from smokers with mild emphysema when compared with those
without emphysema. These data provide evidence for neutrophil
involvement in the early stages of pulmonary emphysema. IL-8

TABLE 2. Signal intensity of cDNA array and the expression of mRNA quantified by real-time RT-PCR in pooled laser-capture microdissection–retrieved
bronchiolar epithelial cells in each group

cDNA Array* RT-PCR†

IL-8 MIP-1� MCP-1 IL-8 MIP-1� MCP-1

Never-smoker, n 	 10 0.086 ND ND 3.08 0.27 2.79
Smoker without either airflow limitation or emphysema, n 	 10 0.065 ND ND 2.27 0.13 0.83
Smoker with airflow limitation and/or emphysema, n 	 10 0.157 ND ND 8.18 0.51 5.23

Definition of abbreviations: IL, interleukin; MCP, monocyte chemoattractant protein; MIP, macrophage inflammatory protein; ND, not detected; RT-PCR, reverse
transcriptase–polymerase chain reaction.

* The relative amount of a given gene transcript was estimated by comparing its signal intensity with the signal derived from GAPDH.
† The relative amount of target mRNA in each sample was normalized against GAPDH mRNA.

production was, however, rather suppressed in alveolar macro-
phages from smokers, thus suggesting that macrophages are un-
likely to be the main cellular source of elevated IL-8 in BAL
fluid from those subjects with emphysema (15). These results
are consistent with the findings of De Boer and colleagues, who
found that IL-8 and MCP-1 mRNA levels were significantly
higher in bronchiolar epithelial cells from subjects with COPD
compared with those without COPD (7).

An advantage of LCM is the potential application of RNA
derived from specific cell types to global gene expression analysis
in vivo. Using a focused array for chemokine and chemokine
receptors with gene-specific primers for cDNA synthesis, we
were able to confirm the upregulation of IL-8 mRNA in bronchi-
olar epithelial cells from smokers with airflow limitation and/or
emphysema when compared with those from the other two
groups (Figure 7, Table 2). In addition, the array confirmed that
another gene, CCR2, was markedly upregulated in smokers with
airflow limitation and/or emphysema. Taken together with
MCP-1 mRNA elevation by RT-PCR in bronchiolar epithelial
cells in smokers with airflow limitation and/or emphysema, these
data further support the theory that MCP-1 may have an auto-
crine effect on these cells and plays a major role in the MCP-1/
CCR2 system in airway remodeling and inflammation (8). Our
results with cDNA arrays, however, illustrate the potential dan-
ger of depending solely on array analysis to identify changes in
gene expression. The signal levels for MIP-1� and MCP-1 were
not sufficiently high to evaluate any differences between the
groups on the array, although the same RNA samples pooled
in each group had detectable levels in quantitative RT-PCR and
supported the findings of individual analyses (Figure 4 and Table
2). These results indicate that RT-PCR is more sensitive and is
able to detect expression at levels undetectable using the array
approach, as was previously reported (25).

In contrast to the findings in the bronchiolar epithelium, none
of the macrophage chemokine mRNAs tested were related to
cigarette smoking, airflow limitation, or emphysema. It should
be noted that IL-8 and MIP-1� mRNAs in macrophages are
often present in much higher amounts than in epithelial cells,
and that many macrophages in never-smokers have even higher
levels than macrophages in smokers, as reported previously for
IL-8 (15). Interestingly, the chemokine gene expression pattern
of macrophages is not reflected in whole lung samples, suggesting
that the population of macrophages is relatively small among
the total number of lung cells. However, considering the increase
in the number of macrophages induced by smoking, the relative
role of macrophages as a potential source of inflammatory che-
mokines cannot be ignored.

The contribution of mRNAs from contaminating inflamma-
tory cells in bronchiolar regions seems unlikely because none
of the genes tested were altered in smokers without either airflow
limitation or emphysema, who routinely have inflammatory cells
in bronchiolar epithelium when compared with never-smokers
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(26). It should be noted, however, that morphometric analyses
have revealed a correlation between the increase in inflamma-
tory cells in bronchiolar regions and the degree of airflow ob-
struction not only when COPD is severe (27), but also when it
is mild (28). It is also noteworthy that after a long history of
smoking exposure, bronchiolar epithelium potentially initiates
antioxidant defenses (29) and undergoes morphologic alter-
ations, such as increased numbers of Goblet cells, decreased
numbers of Clara cells (30, 31), and squamous metaplasia, in
association with wall inflammation and fibrosis (32, 33). There-
fore, changes in gene expression in LCM-retrieved bronchiolar
epithelial cells may reflect phenotypic changes in the resident
cells or changes in the cell types located in these anatomic re-
gions. Further research investigating the functional conse-
quences of selective upregulation of these chemokines and the
molecular mechanisms leading to phenotypic changes of bron-
chiolar epithelial cells, even after smoking cessation, during the
development of COPD is required.

Quantitative analysis of gene expression in each cell type
in vivo has been difficult because of the heterogeneity of cellular
components and the diverse pathologic populations in the lung.
LCM has allowed us to quantify and confirm upregulation of
IL-8, MIP-1�, and MCP-1 mRNAs in bronchiolar epithelial cells,
even in the early stages of COPD, thus emphasizing the pivotal
role of bronchiolar epithelial–derived chemokines in driving the
inflammation observed at this stage of the condition. The present
study should encourage the use of LCM for further study of
human lung diseases.
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