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Rationale: Dendritic cells (DCs) have not been well studied in chronic
obstructive pulmonary disease (COPD), yet their integral role in
activating and differentiating T cells makes them potential partici-
pants in COPD pathogenesis.

Objectives: To determine the expression of maturation molecules by
individual DC subsets in relationship to COPD stage and to expres-
sion of the acute activation marker CD69 by lung CD4* T cells.
Methods: We nonenzymatically released lung leukocytes from hu-
man surgical specimens (n = 42) and used flow cytometry to identify
three DC subsets (mDC1, mDC2, and pDC) and to measure their
expression of three costimulatory molecules (CD40, CD80 and
CD86) and of CD83, the definitive marker of DC maturation.
Spearman nonparametric correlation analysis was used to identify
significant correlations between expression of DC maturation
molecules and COPD severity.

Measurements and Main Results: Expression of CD40 by mDC1 and
mDC2 and of CD86 by mDC2 was high regardless of GOLD stage,
but CD80 and CD83 on these two DC subsets increased with disease
progression. pDC also showed significant increases in expression of
CD40 and CD80. Expression of all but one of the DC molecules that
increased with COPD severity also correlated with CD69 expression
on lung CD4* T cells from the same patients, with the exception
of CD83 on mDC2.

Conclusions: This cross-sectional study implies that COPD progres-
sion is associated with significant increases in costimulatory mole-
cule expression by multiple lung DC subsets. Interactions with lung
DCs may contribute to the immunophenotype of CD4* T cells in
advanced COPD.

Clinical trial registered with www.clinicaltrials.gov (NCT00281229).
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It is crucial to improve understanding of the pathogenesis of
chronic obstructive pulmonary disease (COPD), which is the
fourth leading cause of death in the United States. COPD is
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AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

Dendritic cells (DCs) are necessary to activate and induce
differentiation of naive and effector T cells in response to
antigens. However, the few studies that have addressed the
involvement of lung DCs in chronic obstructive pulmonary
disease (COPD) have found conflicting answers and have
not examined maturational state as a function of disease
stage.

What This Study Adds to the Field

DC subsets from human lungs showed increased costimu-
latory molecule expression that correlated with COPD
severity and was not explained by smoking alone. Lung
DCs colocalized with CD4* T cells, and expression of DC
activation markers correlated with expression of CD69, an
early and transient marker of T-cell activation, on CD4+ T
cells from the same patients.

associated with a chronic and augmented inflammatory re-
sponse, predominantly initiated in susceptible individuals by
cigarette smoking. This inflammatory response is characterized
by an increased number of macrophages, neutrophils, and
lymphocytes in the lungs (1). The increasing infiltration of the
small airways by CD4 and CDS8 T cells (2) suggests that
dendritic cells (DCs), which are necessary for inducing activa-
tion and differentiation of naive and effector CD4* and CD8*
T cells in response to antigens, may also be involved in COPD
pathogenesis (3). Indeed, we have previously shown that the
expression of T-cell-tropic chemokines by lung DCs increases
with worsening COPD severity (4). However, few studies have
sought to address the involvement of DCs in COPD, and
existing studies have found different answers. Increased num-
bers of DCs were found in the epithelium and adventitia of
small airways in patients with COPD in one study (5), whereas
another study found that the number of bronchial mucosal
DCs in patients with COPD was similar to or lower than the
number of DCs in nonsmoking healthy control subjects (6). In
murine model systems, cigarette smoke exposure has been
shown to increase numbers of lung Langerhans-type DCs
(identified morphologically in tissue section) by 16 weeks (7)
and of conventional pulmonary DCs (defined by coexpression
of CD11c and class II MHC by flow cytometry) by 24 weeks (8).
However, the opposite finding (i.e., decrease in numbers of
similarly defined pulmonary DCs after 8-16 weeks of smoke
exposure) has also been reported (9).
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It is also unclear what functional role DCs play in disease
pathogenesis. It is known from experimental systems that
immature DCs, which have low costimulatory molecule expres-
sion and high antigen-uptake activity, are recruited to the lungs
from the circulation to capture antigens for presentation to
T cells. After antigen uptake, DCs begin a process of matura-
tion that involves up-regulation of MHC Class II (HLA-DR)
and of adhesion and costimulatory molecules (10). DCs isolated
from bronchoalveolar lavage fluid from human smokers with
virtually normal pulmonary function had evidence of increased
DC maturation, as compared with nonsmokers (11). By con-
trast, DC maturation was suppressed in cigarette smoke—exposed
mice, resulting in diminished antigen-specific T-cell proliferation
(12). No studies have examined the maturation status of human
lung DCs as a function of COPD severity (13).

In the present study, we examined phenotypic markers of
maturation of three human pulmonary DC subsets: myeloid DC
type 1 (mDC1), myeloid DC type 2 (mDC2), and plasmacytoid
DCs (pDCs). We analyzed the cell surface expression of CD40,
CD80, CD83, and CD86, all markers of DC maturity. We found
that all three DC subsets showed evidence of increased cos-
timulatory molecule expression, which correlates positively with
disease severity. Furthermore, expression of the DC activation
markers correlated with expression by lung CD4* T cells from
the same patients of the early and transient marker of T-cell
activation, CD69 (14). These findings suggest that in later stages
of COPD, an increase in the antigen-presenting and immuno-
modulatory capacity of lung DCs may contribute to an in-
appropriate and prolonged local immune response.

METHODS

Specimens and Subject Populations

The majority of experiments were performed on specimens obtained
from consented patients undergoing clinically indicated resection pro-
cedures for pulmonary nodules, lung volume reduction surgery, or lung
transplantation at the University of Michigan Healthcare System and
the VA Ann Arbor Healthsystem. Studies and consent procedures
were approved by Institutional Review Boards. This study was reg-
istered with ClinicalTrials.gov as NCT00281229. Only nonneoplastic
lung tissue remote from the nodules and lacking postobstructive
changes was collected. The study population comprised 42 subjects,
all of whom underwent preoperative spirometry and clinical evaluation
by a pulmonologist. To categorize subjects based on disease severity,
we used the 2008 classification system of the Global Initiative for
Chronic Obstructive Lung Disease (GOLD) (15, 16). Consistent with
the most recent GOLD criteria, only subjects who had an FEV/FVC
ratio of less than 0.70 were included in GOLD stages 1 through 4.
Subjects (n = 11) with a history of smoking, an FEV{/FVC ratio
greater than 0.70, normal spirometry, and no clinical diagnosis of
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COPD represent our smoking control subjects (S). Subjects with no
history of smoking and normal spirometry (n = 3) comprised the
nonsmoking control group (NS). Table 1 shows the number of subjects,
gender ratio, age ranges age, smoking history, spirometry, and emphy-
sema scores for each subject group. Emphysema scores could not be
calculated in all subjects. CT scans that were not suitable for
quantification were available in the remaining four subjects in the
smoking control (S) group. Two subjects showed no emphysema, and
there was mild apical emphysema in the other two subjects.
Immunohistochemical experiments were performed on frozen lung
tissue blocks obtained from the Lung Tissue Research Consortium.
This NHLBI-sponsored tissue bank (http:/www.ltrcpublic.com) pre-
operatively collects extensive demographic, physiological, and radio-
graphic information, which is deidentified and available, along with
various types of preserved tissue samples, to qualified investigators.

Sample Preparation and Flow Cytometric Analysis

Lung sections weighing approximately 3 g were minced and thoroughly
rinsed in RPMI to reduce contamination by blood and homogenized
using a Waring blender without enzyme treatments, which we have
previously shown efficiently produces single-cell suspensions of high
viability (4). Cells were filtered through a 70-wm strainer to remove
debris and were resuspended at 10 X 10° cells/ml of staining buffer (2%
FBS in PBS). Cells were incubated at 4°C for 10 minutes and added in
a volume of 100 pL to each flow tube. We used monoclonal antibodies
against the following antigens (clones shown in parentheses): CD45
(HI30), CD3 (UCHT1), CD19 (HIB19), HLA-DR (LN3), CD123
(6H6), CD40 (LOB7/6), CD80 (2D10.4), CD83 (HB15e), CD86
(IT2.2), CD4 (OKT4), CD69 (FN50) (eBioscience, San Diego, CA),
BDCA-1 (CD1c; AD5-8E7), BDCA-2 (CD303; AC144), and BDCA-3
(CD141; AD5-14H12) (Miltenyi Biotec). Appropriate isotype-matched
controls were used in all experiments. Antibodies were conjugated to
fluorescein isothiocyanate, phycoerythrin (PE), phycoerythrin-cyanine
5 (PE-Cy5), phycoerythrin-cyanine 7 (PE-Cy7), allophycocyanin
(APC), or biotin, with the biotinylated antibodies developed using
streptavidin-allophycocyanin-cyanine 7 (SA-APC-Cy7). Cells were
incubated in the dark with primary antibodies and secondary reagents
for 25 minutes each at room temperature, with washing between
incubations. Cells were analyzed on an LSR II flow cytometer (BD
Bioscience, San Jose, CA) equipped with 488-nm blue, 405-nm violet,
633-nm red lasers. Data were collected using FACS Diva software with
automatic compensation and were analyzed using FlowJo software
(Tree Star, Inc., Ashland, OR). Details of the gating strategy are
described in the RESULTS sections. A minimum of 10,000 CD45" events
were collected per sample.

Immunohistochemical Staining

Blocks of frozen tissue were sectioned onto glass slides using a Reichert
Jung Cryostat 1800. Slides were brought to room temperature and
placed in cold acetone for 10 minutes, followed by immersion in meth-
anol plus hydrogen peroxide for 15 minutes and PBS for 5 minutes. The
slides were incubated in normal mouse serum for 20 minutes, which is
removed by blotting, and then biotinylated antihuman BDCA-1,

TABLE 1. SUMMARY OF SUBJECT DEMOGRAPHICS, SMOKING HISTORIES, SPIROMETRY, AND

EMPHYSEMA SCORES

Emphysema

Smoking history _—

Group Subjects (n)* Sex ratio (M/F) Age (yr) (pack-years) FEV;, % predicted n' (%) SD

NS 3 0/3 59 (6)F 0 (0) 91 (5) 3 (0.6) 0.3

S 11 8/3 68 (11) 43 (54) 98 (19) 7 (5.2) 3.2
GOLD stage

1 6 3/3 63 (8) 33 (130) 89 (12) 4 (5.9) 6.2

2 10 8/2 61 (5) 59 (27) 67 (7) 7 (6.8) 12.9

3 5 41 64 (12) 50 (25) 44 (4) 3 (4.3) 3.8

4 7 3/4 57(9) 38 (22) 22 (15) 4(35.1) 9.9

Definition of abbreviations: NS = nonsmoking control group; S = smoking control group.
* Number of subjects for all measures except emphysema score.

T Number of subjects for emphysema score.
# Numbers in parentheses are SD unless otherwise noted.
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BDCA-2, BDCA-3 (Miltenyi Biotec) or appropriate isotype control
antibodies were added for 1 hour. After a 5-minutes wash in PBS, slides
were incubated with Universal ABC peroxidase complex (Vector
Laboratories, Inc., Burlingame, CA) for 30 minutes and washed in
PBS for 5 minutes, followed by 3-amino-9-ethylcarbazole peroxidase
substrate for 10 minutes. For double-stained slides, this protocol
was followed by a second incubation in normal mouse serum for
20 minutes, then in biotinylated antihuman CD4 (BD Pharmingen) or
isotype control for 1 hours. After washing in PBS, alkaline phosphatase
complex (Vector Laboratories) was added for 30 minutes, followed by
alkaline phosphatase substrate for 10 minutes. Single- and double-
stained slides were counterstained with hematoxylin for 3 minutes,
rinsed in tap water, and mounted with a coverslip using aqueous
mounting medium (Gel/Mount; Bigmeda, Foster City, CA). Photomi-
crographs were obtained using an Olympus BX51 digital camera
system.

Analysis of Radiographic Images

Noncontrast enhanced CT images of the chest were analyzed for percent
emphysema using 3D Slicer software (www.airwayinspector.org)
and using a threshold of less than —950 Hounsfield units.

Statistics

Initial statistical analysis was performed using GraphPad Prism
(GraphPad Software, Inc., La Jolla, CA). One-way analysis of variance,
with Dunn’s post-hoc testing, was used to determine statistical differ-
ences between frequencies of individual DC subsets in the entire group
of subjects. Nonparametric (Spearman) correlation analysis was used
to determine the correlation coefficient. A two-tailed P value less than
0.05 was considered to indicate significance. Nonparametric Kruskal-
Wallis and Mann-Whitney U tests with Bonferroni corrections were
performed using SAS 9.1 statistical software (Cary, NC) to look for
significant differences between subject groups. A similar approach was
used to examine differences between smoking status groups (never-
smoker, ex-smoker, active smoker). Regression analysis was used to
examine the relationship of smoking status and smoking exposure
(pack-years, time since quitting) to the relationship between FEV; %
predicted (continuous or categorically defined) and expression of
markers by DCs or CD4" T cells.

RESULTS

mDC2s Are the Predominant DC Subset in Human Lung
Tissue Regardless of COPD Severity

To assess accurately the surface molecule expression of in-
dividual subsets of pulmonary DCs, we homogenized lung tissue
from consented patients, and, without additional purification
steps, used immunofluorescence staining and multiparameter
flow cytometry on the entire lung leukocyte population. To
identify mDC1, mDC2, and pDC subsets among this mixture of
lung leukocytes, we used blood dendritic cell antigen (BDCA)
markers as demonstrated by Demedts and colleagues (17).
Although we had previously used CDla to identify DCs in
human lung tissue (4), we chose not to in this study because
there is concern that CDla does not identify a unique DC
subset (17). Using a procedure similar to the “third gating
strategy” of Demedts and colleagues (17), we gated on CD45*
cells and then excluded CD3*, CD19", and high auto-fluores-
cent cells. This step eliminated T cells, B cells, and alveolar
macrophages. To identify the mDC1 population, we selected
cells that were double positive for HLA-DR and BDCA-1
(CD1c), whereas mDC2 cells were identified as being double
positive for HLA-DR and BDCA-3 (CD141). To identify pDC,
we selected cells that were CD123" and BDCA-2 (CD303)*.
Hence, each DC subset was defined by two receptors, including
class II major histocompatibility antigens for both mDC subsets;
this procedure has been shown to exclude monocytes and
immature DCs (17).

1181

By means of this gating strategy (Figure 1), we successfully
identified all three DC subsets in the resected lung tissue of all
of our subjects (n = 42). The most abundant DC subset was
mDC2 cells, at approximately 3.2% of all lung leukocytes
(Figure 2A). The other DC subsets, mDCI1 cells at approxi-
mately 1.1% and pDC at less than 0.5%, were also found in all
subjects. When we examined the relationships between the
frequency of DC subsets in individual subjects, there were
highly significant correlations between mDC1 and pDC (r =
0.676; P < 0.0001) and between mDC2 and pDC (r = 0.357; P =
0.022) but not between the two mDC subsets (r = 0.0999;
P = 0.5344). No statistically significant differences in the
frequency of any lung DC subset were seen between individual
GOLD stages, smokers without COPD, or never-smokers
(Figures 2B—2D). Additional exploratory analyses showed no
significant correlations of DC frequency among lung leukocytes
with total smoking exposure or duration since cessation of
smoking.

Because these small lung samples, predominantly from distal
lung parenchyma, could not be perfused during sample prepa-
ration, it was possible that some of the DCs in these samples
might reside within pulmonary vasculature. To verify the
presence of lung DCs within the lung interstitium, in separate
experiments we used frozen samples of lung tissue from
a different source to perform immunohistochemical staining
for all three DC subsets, using the same clones of anti-BCDA
monoclonal antibodies (Figure 3). Results confirmed the
presence of mDC2 with typical stellate morphology (Figure
3A), whereas mDC1 and pDC were ovoid cells without
elaborate processes (Figures 3B—3C). These results, and the
absence of DCs within pulmonary vessels in any section
examined (not shown), implied that the majority of DCs were
within the lung interstitium and airways.

Percentage of Activated DCs Increases with COPD Severity

Although our study used a small number of cells, our flow
cytometric staining strategy was sufficiently sensitive to ascer-
tain the percentage of DCs expressing CD40, CD80, CD83, or
CD86 in all subjects (Figure 4). CD40, a member of the tumor
necrosis factor receptor (TNFR) superfamily (also known as
TNFRS), is frequently used to verify DC activation because it is
one of the most rapidly up-regulated costimulatory molecules
(18). Approximately 50% of mDC1 and mDC2 cells from
never smokers, smokers without COPD, and patients from all
GOLD stages expressed CD40, without significant differences
between groups (Figure 4, first row). This relationship was not
influenced by smoking status. However, expression of CD40 on
pDC, which was low at early GOLD stages, rose markedly in
GOLD stage 3 subjects before falling in GOLD 4. This
correlation was significant (P < 0.02; r = 0.39) and persisted
after adjustment for age and gender.

CD80 and CDS86, also known as B7-1 and B7-2, respectively,
are costimulatory ligands expressed on the surface of DCs.
Binding of these ligands to T-cell receptors such as CD28 is
essential for T-cell activation. In all three lung DC subsets,
CD80 was expressed by only a small percentage of DCs from
never-smokers and smokers without COPD but increased to
approximately 20% of DCs by GOLD stage 4 (Figure 4, second
row). Thus, there was a significant correlation of CD80 expres-
sion with increasing COPD severity, with r values of 0.53 for
mDC1, 0.50 for mDC2, and 0.35 for pDC. Where appropriate to
test, the direction of the correlation did not vary when adjusted
for age and gender. By contrast, CD86 expression (Figure 4,
third row) was higher at baseline, at over a quarter of subjects
for mDC1 and pDC, and especially on mDC2, where the
majority of subjects showed CD86 expression. A significant
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change in CD86 expression with COPD severity was seen only
on mDC1 cells (r = 0.40). The strength of this relationship
persisted after adjustment for age and pack-years.

We also examined expression of CD83, a molecule of un-
known function that appears to be a specific marker for mature
human DCs (19). Similar to CD80, never-smokers and smokers
without COPD tended to express little to no CD83 on any of
the DC subsets (Figure 4, fourth row). However, CD83 expres-
sion showed a slight increase, which correlated with COPD
severity on mDC1 and mDC2 subsets (r = 0.49 and 0.39,
respectively), but showed no significant change on pDC. The
strength of this relationship persisted after adjustment for age.

Kruskal-Wallis nonparametric analyses confirmed that four
of the activation markers exhibited significant differences
between COPD severity groups; these were CD80 (P = 0.022)
and CD86 (P = 0.010) expression on mDC1, CD80 (P = 0.035)
on mDC2, and CD40 (P = 0.0008) on pDC. Further analyses
confirmed significant differences between subject groups.
CD80" mDCI1 showed significant differences between never-
smokers and GOLD stage 3 (P = 0.034) and GOLD stage 4
(P = 0.001) and between smokers without COPD and all
GOLD stages (P = 0.016 for GOLD 1; P = 0.014 for GOLD
2; P = 0.001 for GOLD 3; and P = 0.002 for GOLD 4). CD86™"
mDCI1 showed significant differences between never-smokers
and GOLD stage 2 (P = 0.02) and GOLD stage 3 (P = 0.0003).
Similarly, smokers without COPD showed significant differ-
ences in expression of CD86 on mDC1 with GOLD stage 2
(P = 0.03) and GOLD stage 3 (P = 0.01). CD80 expression on
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mDC2 was significantly different between never-smokers
and GOLD stage 3 (P = 0.02) and between smokers without
COPD and GOLD stage 3 (P = 0.0003) and GOLD stage 4
(P = 0.02). CD40 expression on pDC was only significantly
different between smokers without COPD and GOLD stage 2
(P = 0.02) and GOLD stage 3 (P = 0.0001).

We further analyzed whether the levels of expression of
CD40, CD80, CD83, and CD86 within a given DC subset would
correlate with each other on cells from individual patients, using
pair-wise comparisons between individual markers. With the
exception of the relationship between CD40 and CDS83 on
the mDCI1 (r = 0.301; P = 0.067), we found that all the markers
showed highly significant correlations (mean r = 0.533), with
most comparisons significant at the P < 0.001 level. This
concordance favors the interpretation that the maturation
markers are being regulated in a parallel fashion on individual
lung DCs, although the eight-parameter flow cytometry used in
this study did not directly compare the simultaneous expression
of all four maturation markers on single DCs.

We also sought possible correlations between the levels of
maturation marker expression and total smoking exposure or
duration since cessation of smoking. The only significant
correlation was between CD86 expression on mDC1l and
pack-years (r = 0.39; P = 0.02). Collectively, these data showing
increased expression of multiple activation markers imply that
DCs in the distal lungs have a more mature phenotype in later
stages of COPD and that these change do not reflect the effect
of smoking alone.
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Figure 2. Myeloid DCs are more prevalent in human lungs than
plasmacytoid DCs. (A) Frequency of DC subsets in entire group (n =
42), determined as a percent of CD457 cells. Data represent the mean =
SEM. * P < 0.001 (one-way analysis of variance, with Dunn’s post hoc
testing). mDC1 = myeloid dendritic cell type 1; mDC2 = myeloid
dendritic cell type 2; n.s.,= nonsignificant; pDC = plasmacytoid
dendritic cell. (B-D) Frequency of DC subsets stratified by group. (B)
mDC1. (C) mDC2. (D) pDC. NS = neversmokers; S = smokers without
COPD; 1-4, GOLD stages. Box and whisker plots show the median
(central bar), interquartiles (boxes), and range (whiskers) of the data;
note differences in scales. There were no significant differences between
groups (nonparametric Kruskal-Wallis and Mann-Whitney U tests).

Lung DC Activation Markers Correlate with Expression of
CD69* by Lung CD4" T Cells

To ascertain whether the increased costimulatory molecule
expression by lung DCs was associated with a similar increase
in lung T-cell activation, we examined the expression of CD69
on CD4* T cells from lungs of the same subjects. CD69 is an
acute marker of activation that appears to be the earliest cell
surface molecule induced during lymphocyte activation. The
percentage of lung CD4* T cells expressing CD69 correlated
with COPD severity (r = 0.43) (Figure 5), a novel finding in this
disease. Analysis of individual groups revealed statistically
significant differences between never-smokers and GOLD
stages 1 (P = 0.046), 2 (P = 0.0008), and 3 (P = 0.003) and
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between smokers without COPD and GOLD stages 2 (P =
0.001) and 3 (P = 0.017). Additional analyses showed no
significant correlation between CD4" CD69" cells and age,
gender, or duration since cessation of smoking. However, there
was a correlation between CD69 expression on CD4* T cells
and pack-years (r = 0.48; P = 0.004). Furthermore, smoking
status appeared to have a significant effect on CD69 expression
by lung CD4* T cells, as determined by Kruskal-Wallis testing
(P = 0.015). Mean CD69 expression was 0% for never-smokers
(n = 3), 39.3% for ex-smokers (n = 25), and 65.5% for active
smokers (n = 4). CT scans of the chest were available and
suitable for analysis on 27 subjects. There was no correlation of
% emphysema and expression of CD69 by lung CD4* T cells or
with the frequency of individual DC subsets or their activation
markers (data not shown).

When we examined the correlation among individual pa-
tients between the percentage of lung CD4* T cells expressing
CD69 and lung DC expression of activation markers (Table 2),
we found that almost all the same activation markers that had
shown significant correlations with disease severity (Figure 4)
correlated significantly with CD69" expression by lung CD4*
T cells. The single exception was CD83 on the mDC2 subset,
which had shown a weak (r = 0.39) but significant (P = 0.02)
correlation with GOLD stage but which did not correlate with
lung CD4* T-cell expression of CD69. Collectively, these
results show a strong association in patients with advanced
COPD between markers of pulmonary DC maturity and evi-
dence of acute activation of lung CD4* T cells.

Immunohistochemical Staining of Lung Tissue Reveals
Interactions between DCs and CD4* T Cells

To investigate the interaction of CD4* T cells with mDC2 cells,
the most numerous lung DC subset in all COPD stages (see
Figure 2), we performed double-staining experiments on frozen
lung tissue (Figure 6). Results demonstrated direct contact
between the two cell types, thereby strengthening our conclu-
sion that lung DCs may contribute to the phenotype of CD4* T
cells in COPD.

DISCUSSION

This is the first study to examine systematically maturation
molecules on pulmonary DCs from patients with COPD. Re-
sults reveal that on all three lung DC subsets, CD80 expression
increased with worsening COPD severity, as assessed by GOLD
stage. In addition, expression of CD83 and CD86 on mDCl1
cells, of CD83 on mDC2 cells, and of CD40 on pDC increased
significantly with disease severity. Several of the exceptions to
this trend toward increased DC maturation molecule expression
appear to be explained in part by relatively high expression
in all GOLD stages (e.g., CD40 on mDC1 and mDC2 and CD86
on mDC2). Other exceptions may relate in part to differences in
the kinetics of costimulatory molecule expression. CD86 is
rapidly up-regulated and maximally expressed immediately
after interaction with CD28 (20), whereas CD80 is slowly
induced and stable for a longer period (21-23). This difference
in kinetics might explain why later stages of COPD were
associated with an increase in CD80 expression for all three
DC subsets but with an increase in CD86 expression only on the
mDCI subset. Furthermore, we demonstrated that the identical
DC maturation molecules showing disease stage—specific in-
creases correlated with expression of the acute activation
marker CD69 on lung CD4* T cells from individual patients.
Our results complement and extend previous studies of human
lung DCs (5, 6, 11, 17, 24-26) due to the size of our patient
group (n = 42) and our analysis of patients with a range of
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COPD severities, including never-smokers and smokers without
COPD. Although we have a small sample size of never-
smokers, this is a critical population for which little data exist.
Based on the accumulation of follicle-forming T and B lym-
phocytes in the lung parenchyma in severe COPD (2), the
disease has come to be viewed as an inflammatory condition
that progresses from initial involvement of the innate immune
system to later participation of adaptive immunity (27). Addi-
tionally, recent evidence that antielastin and antiendothelial cell
antibodies might contribute to COPD pathology (28, 29)
support the hypothesis of an autoimmune component to at
least some cases of advanced COPD (30). Thus, studying lung
DCs, key immunoregulatory cell types, and their interactions
with other lung leukocytes is a promising direction to better
understand COPD pathogenesis.

DCs comprise a highly heterogeneous population of ulti-
mately hematopoietically derived cells that inhabit lymphoid
and nonlymphoid tissues (31). The terminologies applied to DC
lineages differ somewhat between the human and mice. In
humans, the major DC population found in nonlymphoid tissues
such as lung (17, 19, 32) continues to be called myeloid (mDC),
but in mice, the preferred term is increasingly conventional DC
because it was recognized that this cell type derive from both
myeloid and lymphoid precursors (33). In both species, an
independent plasmacytoid lineage (pDC) specialized for type-
1 IFN production is recognized (34). The balance between total
numbers of conventional DCs and pDCs has been suggested to
be crucial for maintaining tolerance to inhaled antigens (35).

Existing at the interface between innate and adaptive
immunity, DCs are essential for immune function not only as
the most effective activators of naive CD4* T cells but also
because their ability to sense environmental cues may allow

Figure 3. All three DC subsets can be identified in lung
interstitium in chronic obstructive pulmonary disease
(COPD). Frozen tissue sections were stained with antibody
against (A) BDCA1 (mDC1), (C) BDCA-3 (mDC2), (E)
BDCA-2 (pDC), or (B, D, F) the respective isotype control
antibodies. The immunoperoxidase reaction was visualized
using 3-amino-9-ethylcarbazole substrate (red) with he-
matoxylin counterstaining. Magnification: 1,000, scale =
50 pm.

them to dictate to the T cell the type of response necessary to
counteract a particular antigen. Mainstream views of DC
biology have highlighted the CCR7-dependent migration of
immature DCs after exposure to antigen in combination with
appropriate danger signals (i.e., inflammatory cytokines or
pathogen-associated molecular patterns) to secondary lymphoid
tissues (36, 37). There, the newly mature DCs present processed
antigen along with costimulatory molecules, inducing the
proliferation of antigen-specific CD4* T cells. Furthermore,
based on the environment in which they were initially activated,
DCs are able to direct the fate of CD4* T cells (38). DC-
derived cytokines, such as IL-12, IL-18, and IFN-a, can bias
CD4* T-cell priming toward a proinflammatory T helper 1 cell
fate, whereas selective expression by DCs of members of the
Jagged family of Notch ligands is thought to promote T helper 2
cell responses (39). Thus, one uncontested role of DCs is
ultimately mediated in the lymph nodes. This role appears to
be important for surveillance of the airways (40, 41). However,
it has become evident that some experimental pulmonary
immune responses and infections are associated with recruit-
ment from the bloodstream and accumulation within lung
parenchyma of large numbers of DCs that do not appear to
migrate to lymph nodes (42-45). Such findings imply that
potential roles of DCs within lung parenchyma and indepen-
dent of migration to the regional nodes (39) also need to be
considered in COPD.

The markers we used to identify DCs (BDCA-1, BDCA-2,
and BDCA-3) were first used to stain peripheral blood DCs but
were later shown to be present on DCs in human lungs (17).
Our data on the relative frequency of specific DC subsets agrees
closely with the findings by Demedts and colleagues, but our
results for expression of maturation molecules on pDCs do not.



Freeman, Martinez, Han, et al.: Dendritic Cell Activation in COPD

mDC1 mDC2

1185

r=0.087 r=0.04 r=0.39
100 1 N.S. 100 4 N.S. 100 4 p=0.02
75 1 2o oo ST 75 {1 T F 1 75 1 1
L L FFT LTI L
CD40 50 1 {_ oy 50 I = 50 4 _
25 T 25 25 -} FF oz
I 3
02 o 8 " . Figure 4. Activation markers on
NS S 2 4 NS S 1 2 3 4 NS S 1 2 3 4 DC subsets increase in correlation
with disease severity. Using flow
£ T B e [25%  optomeny, expresion of (D40
Pt b= °="™  CD80, CD86, and CD83 on
51 75 751 mDC1 (left column), mDC2 (mid-
CD80 50 1 50 4 50 1 dle column), and pDC (right col-
] - 2. ] J umn) subsets was determined and
= T 5 F e E = i )
0= == ol= =+ & ol FmE=E T F correlated to GOLD stage. The
T T T T— T T T T 1 A S L frequency (as percentage of posi-
NS 1 2 4 NS S 1 2 3 4 NS S 1 2 3 4 req y (asp entag pos|
tive cells) of a given marker is
shown on the vertical axis, and
r=0.40 r=0.05 r=011  subject group is shown on the
100 =001 1001 = e Ns 100 . horizontal axis, NS = never-
75 — + 75 i ﬂ:_ il; ° 75 smokers; S = smokers without
CDBG 50 - T - ot E % 4 50{ T o COPD. Spearman nonparametric
T ] = o® 1 Fr : :
25{s e 2 ‘ o 25 P* T [ e correlation analysis generated anr
o 0° o0 o + value that was used to determine
0 e S .
. . — significance. Open circles represent
N3 S0 2 534 NSiis o 2 S 4 NS 8 1 2 334 individual patients. Bars represent
the mean = SEM.
r=049 r=0.39 r=0.22
100 p=0002 100 p=002 100 N.S.
75 75 75
CD83 = 0 50
T
25 w2 25 T + + 25 = —\—
+ = - s I il - | =
ol e £ & - EEE
NS S 1 2 3 4 NS S 1 2 3 4 NS S 1 2 3 4

They reported that lung pDCs have almost no expression of
maturation markers, whereas, in our study, pDCs showed
expression of maturation markers, albeit at lower levels than
mDCs. This disparity could be due to the different methods
used to generate single-cell suspensions from the lung tissue
because DC activation molecules are reportedly sensitive to
enzymatic digestion, gradient centrifugation, and overnight
incubation (19). Because we used only mechanical means to
disaggregate the tissue, and stained DC immediately, we are
confident that DC surface markers were not affected by our
procedure. Our results also contradict recent data of Tsoumakidou
and colleagues (46), who found using immunohistochemical
analysis that the volume of DCs expressing CD83 as a percent-
age the surface area of small airway (by point-counting) and
alveolar walls (semiquantitatively) was lower in subjects with
COPD than in subjects without COPD. This disparity in results
likely relates to the considerable difference in the amount of
lung tissue sampled and possibly by relative sensitivities of the
two techniques. We also considered the possibility (suggested
by Marsten and colleagues [25]) that our staining strategy
underestimated lung pDCs because BDCA-2, which is highly
specific for pDCs in human peripheral blood (47), is down-
regulated as pDCs mature. Because the percentage of BDCA-2*
cells remained the same at all GOLD stages, despite in-
creases at later stages in expression of CD40 and CDS80 that
imply greater pDC maturity, we suspect that such is not the
case but cannot exclude that possibility. We have begun
experiments simultaneously using greater numbers of anti-
bodies that will eventually address possible underestimation
of lung pDCs.

One advantage of our flow cytometric methodology was that
we were able to gather accurate phenotypic data on all three
DC populations without the losses and error inherent in
purification techniques such as used in our previous study of
lung DCs in COPD (4). However, the disadvantage of such
a direct staining approach is that, unless supplemented by
expensive cell sorting, it yields no purified DCs for functional
or PCR assays. Such investigations will be our focus in future
studies. The methods we used to quantify lung DCs as a fraction
of total lung leukocytes complement the more recent results of
Demedsts and colleagues (5). Using immunohistochemistry, they
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Figure 5. CD69 expression on lung CD4™* T cells correlates with COPD
severity. Surface expression of CD69 on lung CD4* T cells was
determined by flow cytometry and is expressed as the percentage of
all lung CD4* T cells on the vertical axis; subject groups are shown on
the horizontal axis. NS = never-smokers; S = smokers without COPD.
Spearman nonparametric correlation analysis is shown. Open circles
represent individual patients. Bars represent the mean = SEM.
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TABLE 2. SUMMARY OF CORRELATION BETWEEN PERCENTAGE
OF LUNG CD4* T CELLS EXPRESSING CD69 AND LUNG
DENDRITIC CELL EXPRESSION OF ACTIVATION MARKERS

DC Subset Activation Marker r Value P Value
mDC1 CD40 0.25 ns
CD80 0.65 <0.0005
CD86 0.55 <0.0005
CD83 0.62 <0.0005
mDC2 CD40 0.25 ns
CD80 0.57 <0.0005
CD86 0.27 ns
CD83 0.21 ns
pDC CD40 0.51 <0.005
CD80 0.47 <0.005
CD86 0.28 ns
CD83 0.31 ns

Definition of abbreviations: DC = dendritic cell; mDC1 = myeloid dendritic cell
type 1; mDC2 = myeloid dendritic cell type 2; ns = not significant; pDC =
plasmacytoid dendritic cell.

found an increase in absolute numbers of DCs in the epithelium
and adventitia in the small airways of patients with COPD.
Although our flow cytometric method did not detect any
correlations between COPD severity and the frequency of
individual DC subsets, expressed as the percent of total
leukocytes (see Figure 2), we believe our data imply the same
increase in absolute numbers of lung DCs with worsening
COPD severity shown in their study. We base this inference
on the established finding that numbers of total inflammatory
cells in the lungs increases with GOLD stage. Thus, if absolute
numbers of parenchymal DCs did not increase as well, they
should have fallen as a fraction of total leukocytes, which was
not the case. We have not succeeded in devising a means of
determining an accurate total of cell numbers in surgical
specimens (e.g., relative to lung weight) because the lungs are
variably bloody or already immersed in culture medium.
Moreover, because it is not feasible to perfuse the small samples
we receive after processing by the pathologist, it is not possible
to exclude some contamination by DCs within the pulmonary
vasculature. Despite these limitations, flow cytometry has
distinct advantages, notably the ability to examine simulta-
neously and quantitatively multiple receptors on large numbers
of individual cells.

Our data differ from those of Rogers and colleagues (6).
Using transmission electron microscopy to identify DC in
endobronchial biopsies, they found decreased numbers of DCs
in the bronchial mucosal of current smokers with COPD, as
compared with healthy control subjects. However, in that study,
DC numbers in patients who had quit smoking were similar to
healthy control subjects. The disparity in findings likely relates
to the difference in anatomic sites studied, in particular the
possible greater effect of active smoking on airway DCs in the
study of Rogers and colleagues versus the disease stage-related
changes found in this study and by Demedts and colleagues (5),
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both of which examined distal lung parenchyma, the site of the
predominant pathology in COPD. DCs are present in multiple
anatomic compartments, including epithelium and submucosa
of large and small airway, in lung interstitium, and within the
alveoli, and may mediate different effects in each site. There-
fore, to gain a fuller understanding of the contribution of DCs
to lung host defense and pathology, studies such as ours on lung
digests must be complemented in the future by immunolocati-
zation studies.

Increased DC expression of costimulatory molecules does
not necessarily equate with greater ability to induce cytokine
elaboration or other effector functions in lung T cells because
such “mature” DCs may also induce tolerance (39). One reason
for this apparent paradox is that the signal delivered to the DCs
by CD80 and CD86 ligation depends on the T-cell receptors
with which they interact. When CD80 and CD86 are bound by
CD28, DCs increase their IL-6 production, which stimulates T-
cell activation (48). However, binding of CD80 and CD86 by
CTLA-4 induces a DC phenotype that suppresses T-cell pro-
liferation via indoleamine 2,3-dioxygenase-dependent trypto-
phan degradation (49). Together with the consideration that
DCs at sites of inflammation may have purely local actions not
dependent on migration to the lymph nodes, these factors imply
that caution is warranted in extrapolating the conventional DC
maturation paradigm to specific disease states, including COPD.

The associations shown in Table 2 have several possible
explanations. It is intriguing to speculate that lung DCs are
activated by recognition of danger signals, such as from
respiratory pathogens or damaged tissues, and then activate T
cells within the lung parenchyma. The higher expression of
CD40, relative to the other DC molecules examined in this
study, could relate in part to either type of danger signal be-
cause CD40 has been shown to bind both microbial and
mammalian heat-shock protein 70 (50). However, it is equally
possible that the DC maturation molecules were up-regulated in
response to interactions with activated CD4* T cells. The
experiments necessary to demonstrate thoroughly that lung
DCs are able to induce T-cell activation are beyond the scope
of the current study. It is also possible that these lung DCs
contribute directly to lung destruction in COPD. Lung DCs
exposed to cigarette smoke were shown to produce increased
levels of matrix metalloproteinase-12, which could contribute to
tissue damage (51).

In summary, we found that all three subsets of DCs
harvested from distal pulmonary parenchyma showed evidence
of increased maturity and activation that correlates positively
with worsening COPD severity and that appears not to result
fom recent smoking or cumulative smoke exposure. Further-
more, expression of the lung DC activation markers correlated
positively with expression of CD69 on lung CD4* T cells
from the same patients, and we show evidence of physical
contact between lung DCs and lung CD4" T cells. Our findings
suggest that as COPD progresses, the lung is infiltrated by
mature DCs that may contribute to an inappropriate, sustained,

Figure 6. Lung mDC2 interact physically with lung CD4+
T cells. Frozen lung tissue sections were stained with
antibodies against (A) BDCA-3 (immunoperoxidase/3-
amino-9-ethylcarbazole, red) and CD4 (alkaline phospha-
tases, black) or (B) isotype control. Magnification: 1,000%;
scale = 50 pm.
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and destructive immune response. Determining the functional
capacities of individual lung DC subsets, and the degree to
which their activation states relates to stimulation by lung
microbiota or altered self-antigens, are important goals for
future studies.
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