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ABSTRACT. Background and objective: Japanese pulmonologists, experienced in treating patients with diffuse
panbronchiolitis (DPB) prior to the 1980s, have uniformly observed that new incidences of DPB are now a rare
event in Japan. However, there is no epidemiological data to support this observation. We examined epidemi-
ological trends of the number of patients with DPB in a large company. Design: The computerized health
records of JR East Company employees were used to identify patients with DPB and then these were followed
up using the assessments of these patients in JR Tokyo General Hospital and two other JR hospitals. The whole
study period was 27 years (1976-2003), although detailed analyses were carried out for three specific periods;
the first was 1976-1980, the second was 1989-1993, and the third was 1999-2003. Resu/#s: In the first period,
11 DPB cases (four incidence, and seven prevalence) were detected among a total of 355,572 workers. In the
second period, three DPB cases (one incidence, and two prevalence) were identified from a total of 180,359
workers. In the third period, no case was found in a total of 144,485 workers. Conclusion: This epidemiological
trend suggests that both the incidence and prevalence of DPB may have decreased. (Sarcoidosis Vasc Diffuse Lung
Dis 2012; 29: 19-25)
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INTRODUCTION lesions composed of chronic inflammatory cells in-
filtrating the walls of the respiratory bronchioles (1).

In 1969, Yamanaka et al. reported diffuse pan- DPB has since come to be internationally accepted
bronchiolitis (DPB) for the first time as a disease as a disease entity.? At the time of its discovery, DPB

characterized by numerous micronodular pulmonary had a poor prognosis because of recurrent respirato-
ry infections leading to respiratory failure. Since
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though no epidemiological survey has yet been done.
Therefore, we examined the incidence of the number
of patients with DPB over the past 30 years in a rel-
atively large Japanese company.

METHODS

The clinical outpatients records from Japan
Railway (JR) Tokyo General Hospital along with
Sapporo, and Sendai JR hospitals were analyzed. In
addition, computerized health records from 1972 of
the male population of JR East Company employ-
ees were evaluated (most employees were men).
These employees had undergone an annual health
check which included height, weight, chest X-ray,
audiometry, visual testing, and a medical interview
by public health nurses of the JR East Health Pro-
motion Center. Compliance with the annual check-
ups remained, for a long period of time, as high as
99%. Any employees with long-term nasal and res-
piratory symptoms, and/or X-ray abnormalities on
the annual health check-ups were sent to JR Hos-
pitals for further examination. JR East health
records were available from 1972 to assess health
findings from the time of initial employment. The
study covered 27 years (1976-2003), although de-
tailed analyses were limited to the following three
periods: the first was 1976-1980 and with a total of
355,574 examinees, the second was 1989-1993 with
180,359 subjects, and the third period was 1999-
2003 with 144,485 examinees. All employees had
undergone health check at employment, and passed
it except for extremely sick, visual impairment and
difficulty in hearing. There is no difference in the
economical or familial background among the study
population.

Study profiles

In the first and second periods, a DPB diagno-
sis was based on the initial clinical criteria estab-
lished by Homma and Yamanaka in 1969 (1). In the
third period, the 1998 revised criteria developed by
the Ministry of Health and Welfare of Japan (Table
1) were adopted. The main difference between the
two sets of criteria is that, in the revised set, chest
CT scans are included for radiographical evaluation
to detect centrilobular granular shadows. The revised
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Table 1. Diagnostic criteria proposed in 1998 according to the
Ministry of Health and Welfare of Japan

Indispensable signs

1. Symptoms: chronic cough, sputum, and dyspnca on exertion.

2. Past history or coexistence of chronic sinusitis

3. Chest radiographic findings: bilateral diffuse small nodular
shadows on a plain chest

4. X-ray film or diffuse centrilobular nodular shadows on chest
CT images.

Reference signs

1. Physical signs: coarse crackles, sometimes with rhonchi,
wheezes or squawk, on auscultation of the chest.

2. Pulmonary function tests and blood gas analysis: FEV, < 70%
and PaO, < 80 mmHg.

3. Elevated titers of cold hemagglutinin

* Definite cases should fulfill three indispensable criteria with at
least two of the three reference criteria.

* Probably definite cases should fulfill three indispensable criteria.

* Possible cases should fulfill 1 and 2 of indispensable criteria.

criteria may exhibit greater sensitivity for detecting
patients with DPB than the initial criteria. We re-
applied the revised criteria to the cases of DPB di-
agnosed in the first and second periods. As a result,
all DPB diagnoses based on the initial clinical crite-
ria were found to meet the requisite for diagnosis
with the revised criteria.

Statistical analysis

We determined the incidence and prevalence of
DPB in three 5-year periods (1976-1980, 1989-
1993, and 1999-2003), and calculated the age-ad-
justed incidence rate with the direct method using a
standard model population in 1985. Bedy character-
istics were calculated as mean = SD for continuous
variables, and two-sample t tests were performed to
analyze differences between DPB patients and con-
trols. Analysis of variance was performed to compare
the time-dependent changes of prevalence rate in
DPB. This was followed by McNemar test (with
Yates’ revised) and a post hoc Bonferroni’s multiple-
comparison test. P values less than 0.05 were consid-
ered to be statistically significant.

This study was partly supported by a grant to
the Diffuse Lung Disease Research Group and Res-
piratory Failure Research Group from the Ministry
of Health, Labour and Welfare, Japan.
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REesuLTs were observed among 355,572 workers. In the sec-
ond period, three cases (incidence of one, and preva-
Incidence and prevalence rates lence of two) were observed among 180,359 work-
ers. In the third period, no case of DPB was detect-
The clinical course of detected DPB cases are ed among 144,485 workers. Overall, the incidence
shown in Fig. 1. According to medical interviews, was three cases in 1976, one case in 1977, and one in
most patients with DPB had a long period of respi- 1990. The incidence was zero after 1977 except for
ratory prodromal symptoms, including nasal dis- one case in 1990.
charge or obstruction indicating chronic sinusitis. Incidence and prevalence rates for DPB are
The longest such period was 29 years, in case #12, shown in Table 3. The incidence rate was 1.12 per
followed by 25 years in case #2, 8~14 years in six cas- 100,000 in the first period, 0.55 in the second period,
es, 1~3 years in four cases, and no such period in case and 0 in the third period. The age-adjusted incidence
#9. Cases #5 and #13 were excluded in part from the rate was 0.88 per 100,000 in the first period, 0.28 in
statistical analysis because data before the first peri- the second period, and 0 in the third period. The
od were missed. prevalence rate was 13.78 per 100,000 in the first pe-

The incidence and prevalence of DPB each year riod, 6.63 in the second period, and 0 in the third pe-
during the study period are shown in Table 2. The riod (this was despite DPB being more widely de-

numbers of prevalence cases are affected by a num- tected by chest CT scan in the third period). Consid-
ber of factors including, retirement, death, moving to ering the progress of radiographical evaluations, these
other hospitals, and missing. In the first period, 11 findings suggest that the incidence of DPB has de-
cases (incidence of four, and prevalence of seven) creased with time since 1976 in the JR East Compa-
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Fig. 1. Clinical course of detected diffuse panbronchiolitis (DPB) cases. This figure shows the progress of all the DPB cases. We could
not follow all of their courses completely, because most cases moved to another hospital, or were missing after retirement, and some data
hetween 1981 and 1988 were not available. Only case #2 and #7 could be followed completely. Case #13 was not counted in the first peri-
od because of his retirement. Case#10 and #11 discontinued their attendance at our hospital. Case #12 moved to another hospital due to a
transfer
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Table 2. The number of incidence and prevalence cases in cach year

The second period

The first period - The third period
1976 1977 1978 1979 1980 1989 1990 1991 1992 1993 1999 2000 2001 2002 2003
Incidence cases 3 1 0 0 0 0 0 0 0 0 0 0 0 0
Prevalence cases 10 11 10 9 9 2

Table 3. DPB crude incidence rates and annual average prevalence
rates

Incidence Prevalence

rate (10%) rate (10°)
The first period (1976~1980) 1.12 13.78
The second period (1989~1993) 0.55 6.63
The third period (1999~2003) 0 0

ny. Time dependent changes of prevalence rates in
DPB, was followed by McNemar test (with Yates' re-
vised) and a post hoc Bonferroni’s multiple-compar-
ison test, which were p=0.045 and p=0.039 (period
I/11), p=0.133 and p=0.125 (period 11/11I).

Patient physique before onset

The height and body mass index (BMI) of DPB
patients was examined before onset, and the BMI of
DPB patients was compared with age- and job-

3 3 1 0 0 0 0 0

matched controls. We hypothesized thar a small
physique was associated with the onset of DPB. Ac-
cording to medical interviews, three DPB patients
had only slight prodromal symptoms that passed the
employment health check-up as having no abnormal
medical conditions. Height and weight data in 1954
were obtained from the JR East Health Promotion
Center. Ten patients were compared with 30 controls
in the first period. For these ten cases (cases #1-9,
and #13), 30 age- and job-matched controls were
chosen at random from male employees in 1976.
Height, weight, and BMI are presented in Fig. 2.
The mean height of DPB patients was 158.6 + 4.7
cm, while that of the 1976 controls was 161.5 + 6.9
cm, in 1976 (p>0.05). There was no change between
1954 and 1976. In 1954, the mean BMI of the pa-
tients tended to be lower (19.5) than that of the con-
trols (20.7), although it was not significant in statis-
tical analysis (p>0.05).
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Fig. 2. Body characteristics in diffuse panbronchiolitis (DPB) patients. The average height, weight, and BMI of DPB paticnts tended to
be lower than the controls in 1976, affected by DPB incidence or prodrome. The average BMI of DPB patients rended to be lower than
controls, as of 1954; about 20 years before onset of the disease. n.s. ; not significant
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Discussion

Very few epidemiological studies of DPB have
been available, other than that by Saitoh et al., who
performed case-control studies on the occurrence of
DPB in 1982 (4). The findings of the present study
indicate that the incidence and prevalence rates of
DPB have decreased in the JR East Company.

In the small number of incident cases in the
present study, it would be difficult to consider that
the described clinical pattern and its trend are repre-
sentative of the overall situation in Japan. However,
the study population included around sixty-eight
thousands individuals without unusual medical con-
ditions at the time of their employment. Therefore,
our findings may contribute to determine the preva-
lence of DPB in our country, and may also be in-
valuable in revealing the time when prodromic

symptoms and X-ray abnormalities first appear. It is
unclear in daily clinical practice when DPB patients
first develop abnormal chest X-ray findings.

Homma collected more than 1,000 cases of
probable DPB, and 82 histologically confirmed cas-
es, through a nation-wide survey from 1978-1980.
They noted that secondary ectasia of proximal bron-
chioli probably occurred in the advanced stage of
DPB (5). We also observed these findings in case #7,
in which typical centrilobular granular shadows were
initially noted, with progression to diffuse, ring-
shaped shadows indicative of diffuse bronchiectasis
(Fig. 3). Secondary ectasia of proximal bronchioli
seemed to occur in the advanced stage of DPB. Cas-
es with diffuse bronchiectasis similar to case #7 are
thought to progress from DPB.

Although the etiology of DPB remains un-
known, the participation of genetic factors was sug-

1977

1985

1985

Fig. 3. Chest X-ray and CT findings in Case #7 (1) Chest X-ray and (c) CT in 1977 showing diffuse centrilobular nodules. (b) Chest X-

ray and (d) CT in 1985 progressing to diffuse bronchicctasis
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Fig. 4. Time-dependent changes of prevalence rates in diffuse panbronchielitis (DPB). Macrolide therapy was introduced for DPB be-
tween the first and second period, and was introduced for chronic sinusitis in the second period. *1984, first report of macrolide therapy for
DPB. **1990, first report of macrolide therapy for chronic sinusitis

gested by Keicho and coworkers. They found that
the major disease-susceptibility gene for DPB exists
between the two HLA loci on chromosome 62 (6).
However, not all DPB patients have genetic disor-
ders and not all individuals with genetic disorders
have DPB, suggesting that non-genetic factors may
also play a role in the aetiology of this condition.

Differences in diet and environment may con-
tribute to the development of DPB. It could also be
that small physique is associated with DPB. In com-
parison of BMI between DPB patients and controls
in 1954, we found that the mean BMI of DPB pa-
tients from 1954 tended to be lower that that of the
controls. In present study, it was not significant in
statistical analysis between the BMI of the patients
and that of the controls. We estimate that few num-
ber of the patients would lead it. According to med-
ical interviews from ten DPB patients, seven had no
prodromal symptoms and three had only slight pro-
dromal symptoms that passed the employment
health check-up as a normal medical condition. This
suggests that DPB patients had smaller physiques
compared with controls 20 years prior to the onset of
DPB.

Although adult height is genetically deter-
mined, it may be influenced by diet in childhood and
adolescence (7). Adult height has been used as a
proxy indicator of nutrition early in life in relation to
subsequent risk of incidence and mortality from
chronic respiratory disease. Although it is possible
that a gene involved in the onset of DPB is linked to
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another gene involved in height determination, we
found no evidence to support this hypothesis. Ac-
cording to Japanese Health and Welfare statistics,
mean height for men in their 40’s was 162.9 cm in
the first period, 166.4 cm in the second period, and
168.8 cm in the third period (this increase being the
result of improved nutrition in Japan). Although the
reason for the relationship between DPB and mal-
nutrition is unclear, chronic periodontal disease due
to malnutrition may result in the release of cytokines
such as IL-1 and TNF-a, which may stimulate res-
piratory epithelial cells (8). It may thus be that the
release of cytokines due to malnutrition causes
chronic respiratory diseases such as DPB. Further-
more, the bronchial mucosa become fragile as a re-
sult of malnutrition in childhood, since the growth
of bronchi continues until about eight years of age.
We speculate that improved nutrition suppresses the
onset of DPB. A further epidemiological study of
the prevalence of chronic sinusitis or prodromal
symptom of DPB is required.

Since the efficacy of long-term, low-dose EM
therapy in patients with DPB was reported in 1984
(2, 3), the prognosis of DPB has dramatically im-
proved. In the 1970s, prior to the introduction of
EM therapy, the overall 5-year survival rate was
62.9%. Between 1980 and 1984, the survival rate was
still limited to 72.4%, but after 1985, when EM
therapy was introduced, the 5-year survival rate im-
proved significantly to 91.4% (4). New applications
of 14-membered ring macrolides, including EM,
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clarithromycin and roxithromycin were reported,
and these agents proved to be effective, not only for
DPB, but also for various chronic respiratory disease
such as bronchiectasis and chronic sinusitis.
Macrolides therapy were effective in many DPB
patients except for secondary diffuse bronchiectass,
advanced stage in DPB. They were introduced to

DPB therapy between the first and second period of

our study; and for the treatment of chronic sinusitis
in the second period. It appears that patients with a
mild degree of DPB improved between the first and
second periods. Also since chronic sinusitis prior to
the development of DPB could be treated between
the second and third periods, the incidence rate of
DPB decreased (Fig. 4). In addition, most DPB cas-
es complicated with chronic sinusitis were treated
with macrolides, and were thus dramatically im-
proved by this treatment. Thus, we anticipate that
treatment for chronic sinusitis may be a preventive
treatment for lower respiratory tract inflammation
and may explain the decreased incidence of DPB af-
ter the introduction of macrolide therapy.

Our findings indicate that incidence and preva-
lence rates of DPB have decreased over time in a
large Japanese working population. Small physique
may possibly be associated with the development of
DPB, and long-term, low-dose EM therapy, at an
early stage, could decrease the prevalence rate of
DPB.
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Shigeta A, Tada Y, Wang J-Y, Ishizaki S, Tsuyusaki J, Yamauchi
K, Kasahara Y, Iesato K, Tanabe N, Takiguchi Y, Sakamoto A,
Tokuhisa T, Shibuya K, Hiroshima K, West J, Tatsumi K. CD40
amplifies Fas-mediated apoptosis: a mechanism contributing to emphy-
sema. Am J Physiol Lung Cell Mol Physiol 303: L141-L151, 2012. First
published May 18, 2012; doi:10.1152/ajplung.00337.2011.—Excessive
apoptosis and prolonged inflammation of alveolar cells are associated
with the pathogenesis of pulmonary emphysema. We aimed to deter-
mine whether CD40 affects alveolar epithelial cells and endothelial
cells, with regard to evoking apoptosis and inflammation. Mice were
repeatedly treated with agonistic-anti CD40 antibody (Ab), with or
without agonistic-anti Fas Ab, and evaluated for apoptosis and in-
flammation in lungs. Human pulmonary microvascular endothelial
cells and alveolar epithelial cells were treated with agonistic anti-
CD40 Ab and/or anti-Fas Ab to see their direct effect on apoptosis and
secretion of proinflammatory molecules in vitro. Furthermore, plasma
soluble CD40 ligand (sCD40L) level was evaluated in patients with
chronic obstructive pulmonary disease (COPD). In mice, inhaling ago-
nistic anti-CD40 Ab induced moderate alveolar enlargement. CD40
stimulation, in combination with anti-Fas Ab, induced significant em-
physematous changes and increased alveolar cell apoptosis. CD40
stimulation also enhanced IFN-y-mediated emphysematous changes,
not via apoptosis induction, but via inflammation with lymphocyte
accumulation. In vitro, Fas-mediated apoptosis was enhanced by
CD40 stimulation and IFN-y in endothelial cells and by CD40
stimulation in epithelial cells. CD40 stimulation induced secretion of
CCRS5 ligands in endothelial cells, enhanced with IFN-y. Plasma
sCD40L levels were significantly increased in patients with COPD,
inversely correlating to the percentage of forced expiratory volume in
[ s and positively correlating to low attenuation area score by CT
scan, regardless of smoking history. Collectively CD40 plays a
contributing role in the development of pulmonary emphysema by
sensitizing Fas-mediated apoptosis in alveolar cells and increasing the
secretion of proinflammatory chemokines.

alveolus; inflammation; IFN-y; chemokine regulated on activation
normal T cells expressed and secreted (RANTES)

CHRONIC OBSTRUCTIVE PULMONARY DISEASE (COPD) is character-
ized by the progressive development of airflow limitation that
is not fully reversible. COPD is a leading global cause of
morbidity and mortality, and the number of patients with
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Respirology, Graduate School of Medicine, Chiba Univ., Chiba, Japan, 1-8-1
Inohana Chuo-ku, Chiba 260-8670, Japan (e-mail: ytada25@yahoo.co.jp).
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COPD is expected to increase as the world population
continues to age. The pathogenesis of COPD is complex,
and several mechanisms are involved, including chronic
airway inflammation, protease/antiprotease imbalance, cell
senescence, and deficiency of growth and/or angiogenic
factors (3, 6, 8). Several animal models of COPD have been
established, including chronic inhalation of lipopolysaccha-
ride (5), repeated exposure to ozone (35), interferon (IFN)-y
transgenic mice (39), and the vascular endothelial growth
factor (VEGF) signaling blockade model (22). In each of
these models excessive apoptosis of alveolar component
cells is closely associated with the pathogenesis of COPD,
especially of pulmonary emphysema.

CD40 is a member of the tumor necrosis factor receptor
superfamily and binds to CD40 ligand (CD40L). The CD40/
CD40L plays a central role in the activation of adaptive
immunity (18) but is also involved in the induction of apoptosis
in overactivated cells (14, 38). Whether CD40 stimulation
induces or protects from apoptosis depends on the cell type.
Thus CD40 stimulation protects airway epithelial cells from
oxidant-induced apoptosis (27); conversely, it enhances Fas-
mediated apoptosis in hepatocytes and salivary gland epithelial
cells (1, 31). Recent studies demonstrated that the CD40/
CDA40L system is upregulated in response to cigarette smoking
(19), viral infection (36), pulmonary hypertension (12), and
hypoxia (7), all of which are associated with COPD. Analysis
of CD40L in patients with COPD in the Framingham study
showed that high expression was a significant risk factor but
only in the context of high levels of smoking (37). Therefore,
it has been suggested that CD40L is a context-specific risk
factor for COPD, but the effect of CD40 on apoptosis of
alveolar component cells, such as alveolar epithelial cells and
pulmonary arterial endothelial cells, as well as on inducing
sustained inflammation, has not been determined. The aim of
this study is to assess whether CD40/CD40L plays a contrib-
uting role in COPD, either alone or in combination with other
factors.

MATERIJALS AND METHODS

Animal treatment protocols. Male C57BL/6J mice (8 wk old) were
purchased from CLEA (Tokyo, Japan). All mice were housed in
specific pathogen-free animal facility with free access to food and
water. In the first set of experiments, mice were divided into eight
groups (n = 5): 1) control (isotype control antibody), 2) anti-CD40

1040-0605/12 Copyright © 2012 the American Physiological Society L141
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antibody (Ab), 3) IFN-y, 4) anti-CD40 Ab + IFN-vy, 5) anti-Fas Ab,
6) anti-Fas Ab + anti-CD40 Ab, 7) anti-Fas Ab + IFN-y, and
8) anti-Fas Ab + anti-CD40 Ab + IFN-y. Agonistic anti-mouse
monoclonal antibody to CD40 (FGK45) (Alexis Biochemicals, San
Diego, CA) (30 pg) and/or recombinant mouse IFN-y (Bender Med-
Systems, Vienna, Austria) (100 ng) and/or anti-mouse monoclonal
antibody to Fas (Jo2) (BD Biosciences, San Jose, CA) (0.1 pg/g) were
dissolved in a total volume of 60 .l of PBS and injected intratrache-
ally by MicroSprayer (Penn-Century, Philadelphia, PA) every 3 days
for a total of eight times. An initial dose-ranging study was also
performed to determine the minimum effective dose for each com-
pound. For example, CD40 Ab (30 p.g) and IFN-y (100 ng) were used
because these doses increased the cellularity in mice lung in the
preliminary study. Furthermore, anti-Fas Ab was used at 0.1 pg/g
because this dose did not induce acute lung injury seen in 2-pg/g
inhalation in our study and previous report (29). Isotype-matched
antibodies were used as controls, including purified NA/LE Rat 1gG2a
k isotype control (BD Biosciences) (30 pg) and purified NA/LE
Hamster IgG2 \ isotype control (BD Biosciences) (0.1 pg/g). All
animal protocols were approved by the Committee on Animal Welfare
of Chiba University.

Expression of CD40 and Fas in vivo. After treatment, mice were
killed by intraperitoneal injection of pentobarbital sodium (100 mg/
kg) and phenotyped on day 27. The left lung was filled with 0.5% low
melting agarose at a constant pressure of 25 cm H,O, allowing
homogenous expansion of the lung parenchyma. The lungs were fixed
in 10% formalin for 48 h, embedded in paraffin, and sectioned
sagittally (2 wm) for histological analysis. Immunohistochemistry was
performed using the following primary antibodies; anti-CD40 anti-
body (1:100; Santa Cruz Biotechnology, Santa Cruz, CA) and anti-
CD95 antibody (1:100; Abcam, Cambridge, UK). A total of 200 cells
per mouse (n = 5) randomly selected by independent two pathologists
and CD40 or Fas-positive cells were counted under a light micro-
scope.
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Evaluation of alveolar enlargement. Sections (2 pm) were stained
with hematoxylin and eosin, and then the evaluation of mean linear
intercept (MLI) was performed as described (9). In brief, 5 fields of
500 X 100 wm grid per mouse were selected randomly, following that
the total length of each line divided by the number of alveolar
intercepts gave the average distance between alveolate surfaces. All
samples were assessed by light microscopy (Nikon ECLIPSE E400).

Evaluation of apoptosis in vivo. Evaluation of apoptotic cells in
mouse lung were determined by terminal deoxynucleotidyl trans-
ferase-mediated dUTP nick end-labeling (TUNEL) and immunohis-
tochemical staining of activated caspase-3.

TUNEL staining was performed using an ApopTag Plus Peroxi-
dase In Situ Apoptosis Detection Kit (Millipore, Billerica, MA),
according to the manufacturer’s instructions. Briefly, after deparaf-
finization and rehydration, sections were digested with proteinase K at
a concentration of 20 wg/ml for 15 min. Endogenous peroxidase
activity was quenched with 3% H>O, for 5 min. The slides were
incubated in a humid atmosphere at 37°C for 60 min with terminal
deoxynucleotidyl transferase (TdT) buffer containing TdT and digoxi-
genin-dNTP. The slides were then washed with PBS and incubated
with anti-digoxigenin-peroxidase for 30 min. After being rinsed with
PBS, the slides were immersed in diaminobenzidene solution. The
slides were counterstained for 10 min with 0.5% methyl green.

Caspase-3 staining was performed using cleaved caspase-3 anti-
body (1:100; Cell Signaling, Beverly, MA) as a primary antibody.
After deparaffinization and rehydration, sections were heated at
120°C in autoclaved sterilizer for 10 min and naturally cooled for 30
min. They were then exposed to 1% hydrogen peroxide/methanol for
30 min to block endogenous peroxidase activity and rinsed in TBS.
Next they were treated with 8% skimmed milk for 30 min. Cleaved
caspase-3 antibody in TBS was applied to the sections in a moisture
chamber at 4°C overnight. They were then sequentially treated with
biotinylated secondary antibody and peroxidase-labeled streptavidin.

E

Control

IFN-y

Control

Fig. 1. CD40 (A) and CD95 (Fas, B) expression in mouse lung alveoli; arrows point to positive cells. Expression of CD40 and Fas in mouse lung alveoli after
intratracheal injection with isotype control (C and D) or IFN-y (E and F). IFN-vy stimulation significantly induced enhanced CD40 expression (A: isotype control

26.0 = 1.8%, IFN-y 46.8 £ 1.0%, P < 0.0001; n = 5). *P < 0.05.
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Fig. 2. Repeated inhalation of act-CD40 mAb (CD40 Ab), IFN-vy, and act-Fas mAb (Fas Ab) induced alveolar wall destruction and emphysematous changes in
mice. A-H: representative hematoxylin and eosin-stained lung tissue sections from 5 mice (X100, scale bar = 50 pm). A: CD40 Ab(—) IFN-y(—) Fas Ab(—);
B: CD40 Ab(+) IFN-y(—) Fas Ab(—); C: CD40 Ab(—) IFN-y(+) Fas Ab(—); D: CD40 Ab(+) IFN-y(+) Fas Ab(—); E: CD40 Ab(—) IFN-y(—) Fas Ab(+);
F: CD40 Ab(+) IFN-y(—) Fas Ab(+); G: CD40 Ab(—) IFN-y(+) Fas Ab(+); H: CD40 Ab(+) IFN-y(+) Fas Ab(+). I: quantification of mean linear intercept
(MLI) in mice. Data are means * SE from 5 experiments. The effects of IFN-y, CD40 Ab, and Fas Ab as individual factors were significant at P < 0.0001 by
multiple-factor ANOVA. By Fisher’s least-significant-difference (LSD) post hoc analysis, CD40 had a significant effect (P < 0.05) in increasing MLI in
combination with either Fas Ab or the combination of Fas Ab and IFN-vy, but not when used alone. Mononuclear cell accumulation at perivascular site in mouse
lungs after repeated inhalation of CD40 Ab (K), compared with isotype control (/).
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Finally, they were visualized by diaminobenzidene reaction and coun-
terstained with hematoxylin.

A total of 200 cells per mouse (n = 5) randomly selected by two
independent pathologists was examined under a light microscope, and
TUNEL- and caspase-3-positive cells were counted.

Evaluation of inflammation in lungs by bronchoalveolar lavage.
Bronchoalveolar lavage (BAL) of mice was performed as describe
elsewhere (40). In brief, the trachea was exposed and lavaged three
times with 1 ml of PBS. The BAL fluid (BALF) was centrifuged at
300 g for 5 min at 4°C. Total cell counts and the differential cell
counts were determined using hemocytometer by counting 200 cells
per mouse stained with Diff-Quick (Sysmex, Kobe, Japan). Resulting
supernatants were stored at —80°C and used for measurement of
CCRS ligands [macrophage inflammatory protein (MIP)- 1o, MIP-18,
and chemokine regulated on activation normal T cells expressed and
secreted (RANTES)] by commercial ELISA kit (R&D Systems,
Minneapolis, MN) according to the manufacturer’s instruction.

Cell culture. Human pulmonary microvascular endothelial cells
(HPMVEC) and human pulmonary alveolar epithelial cells (HPAEpiC)
were purchased from Lonza (Walkersville, MD) and ScienCell Re-
search Laboratories (Carlsbad, CA), respectively. HPAEpiC was com-
posed of 95% of alveolar type I cell and 5% of alveolar type I cell.
HPMVEC were placed in BD BioCoat well plates coated with type 1
collagen (Becton Dickinson, Franklin Lakes, NJ) and maintained in
EGM-2 BulletKit medium (Lonza), consisting of basal medium
(CCMD-130) with the following supplements: fetal bovine serum
(2.0%), hydrocortisone (0.04%), human epidermal growth factor
(0.1%), VEGF (0.1%), human fibroblast growth factor-basic (with
heparin, 0.4%), long recombinant 3-insulin-like growth factor-1
(0.1%), gentamicin/amphotericin-B (GA-1000, 0.1%), ascorbic acid
(0.1%), and heparin (0.1%). HPAEpiC were placed in BioCoat poly-
p-lysine-coated well plates (Becton Dickinson) and maintained in
Alveolar Epithelial Cell Medium (ScienCell Research), consisting of
basal medium with the following supplements: fetal bovine serum (10
pg/ml), apo-transferrin (10 pg/ml), insulin (5 pg/ml), epidermal
growth factor (10 ng/ml), fibroblast growth factor-2 (2 ng/ml), epi-
nephrine (500 ng/ml), hydrocortisone (1 wg/ml), retinoic acid (1077
M), penicillin G sodium salt (100 U/ml), and streptomycin (100
pg/ml). These cells were incubated at 37°C in 5% CO- overnight and
grown to ~60-80% confluence before being used for further analy-
ses. Cells at passages 4—6 were used for all experiments.

Surface expression of CD40 and Fas on HPMVEC and HPAEpiC.
HPMVEC and HPAEpiC were incubated with phycoerythrin-conju-
gated anti-human CD40 mAb (R&D Systems) and FITC-conjugated
mouse anti-human CD95 mAb (R&D Systems). FITC-conjugated
mouse anti-human IgG (R&D Systems) was used as control antibody.
Surface expression of CD40 and Fas (CD95) was assessed on a BD
FACS Calibur flow cytometer using CELL Quest software (Becton
Dickinson). In some experiments, recombinant human IFN-y (BD
Biosciences) (1,000 U/ml) was added to the cultures of HPMVEC and
HPAEpiC for 24 h before analysis.

Evaluation of apoptosis in vitro. Functional anti-human CD40 Ab
(eBioscience, San Diego, CA) at 0.2, 2.0, and 20.0 pg/ml and/or
anti-human Fas Ab (eBioscience) at 2.0 pg/ml were added to HPMVEC and
HPAEDpiC cultures. After a 12-h incubation, cells were stained with
FITC-conjugated Annexin V (Invitrogen, Carlsbad, CA) and exam-
ined by flow cytometry. In some experiments, recombinant human
IFN-y (1,000 U/ml) was added, together with anti-human CD40 Ab
and/or anti-human Fas Ab.

Secretion of CCRS ligands into culture supernatants. Culture
medium was removed from 60% confluent HPMVEC and HPAEpiC,
and cells were washed three times with PBS. Cells were incubated
with serum-free medium and functional anti-human CD40 Ab (eBio-
science) (2 pg/ml) for 12 h. In some experiments, recombinant human
IFN-vy (1,000 U/ml) was added to the cultures. The concentrations of
CCRS ligands, i.e., MIP-1a, MIP- 1B, and RANTES, were deter-

INVOLVEMENT OF CD40 IN PULMONARY EMPHYSEMA

mined using a Bio-Plex suspension array system (Bio-Rad Laborato-
ries, Hercules, CA) according to the manufacturer’s instructions.

Patients. The patient group consisted of 69 subjects with smoking-
related COPD, who were recruited from the respiratory outpatient
clinic at Chiba University Hospital. On the basis of past history,
physical examination, and spirometric data, COPD was diagnosed
according to the Global Initiative for Chronic Obstructive Lung
Disease (GOLD) guidelines (30), that is, forced expiratory volume in
1 s (FEV,)/forced vital capacity (FVC) ratio < 0.70 with %FEV, <
80%. Participants matched for age, sex, and pack/year smoking
history without impaired respiratory function on spirometry were
enrolled as healthy smokers (n = 19). All the subjects are not current
smokers, and patients with COPD had been clinically stable for more
than 2 mo, without any symptoms of acute exacerbation. Subjects
with liver disease, renal disease, cancer, autoimmune disease, and
infection were excluded from the study.

All studies were approved by the Institutional Review Board of
Chiba University Graduate School of Medicine, in the name of "No.
2217 Evaluation of QOL and prognosis in COPD. Written informed
consent was obtained from all participants in this study.

CT scan. Evaluation for the presence of emphysema was done
using a high-resolution computed tomography (HRCT) at full inspi-
ration (Aquilion 64 scanner; TOSHIBA Medical Systems, Tokyo,
Japan). HRCT images were photographed with a window setting
appropriate for the lungs [window level —700 to —900 Hounsfield
units (HU) and width 800 to 1,000 HU]. The presence of emphysema
on HRCT was defined as well-demarcated areas of decreased atten-
uation compared with a contiguous normal lung and marginated by
either a very thin wall (>1 mm), no wall at all, and/or multiple bullae
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Fig. 3. A-D: total and differential cell counts in bronchoalveolar lavage fluid
(BALF) after intratracheal injection. Sole CD40 activation significantly in-
creased the number of lymphocytes compared with control (P = 0.0093; n =
4) but further enhanced when combined with IFN-y. *P < 0.05.
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(<1 cm) with an upper lung field predominance. Emphysema was
scored visually in bilateral upper, middle, and lower lung fields
according to the method used by Goddard et al. (17, 32). Briefly, the
score in each field was calculated for the dimensions according to the
ratio of low-attenuation area (LAA) as follows: score 0, LAA < 5%;
score 1, 5% =< LAA < 25%; score 2, 25% = LAA = 50%; score 3,
50% = LAA = 75%; score 4, 75% = LAA. The severity of
emphysema was graded in accordance with the sum of scores for six
dimensions (minimum score 0 to maximum score 24). CT images
were analyzed independently by two pulmonologists with no infor-
mation of the patients’ clinical status.

Measurement of plasma sCD40L. All samples were collected at the
time of diagnosis, namely before any intervention for COPD was
initiated. Peripheral venous blood samples were collected by single

INVOLVEMENT OF CD40 IN PULMONARY EMPHYSEMA

puncture with 18-gauge needle by physicians. All samples were
centrifuged at 3,000 g for 10 min and stored at —80°C until
analysis. Soluble CD40L in plasma were determined using com-
mercial ELISA kit (R&D Systems) according to the manufacturer’s
instruction.

Statistical analysis. Data are expressed as means * SE. Statistical
analysis was performed using Stat View 5.0 (SAS Institute, Cary,
NC). Group comparisons were made by using x> test and unpaired
Student’s z-test. Pearson’s correlation coefficients and multiple-re-
gression analysis were used to identify the variables that influenced
plasma sCD40L level. Multiple-factor analysis of variance was used
to assess the independent and synergistic effects of treatment with
combinations of CD40 Ab, Fas Ab, and IFN-v. In these tests, rather
than compare any two specific conditions, the statistical test deter-
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Fig. 4. Quantification of terminal deoxynucleotidyl transferase-mediated dUTP nick end-labeling (TUNEL)- (A) and Caspase-3-positive (B) cells in mouse lung.
Data are means * SE from 5 experiments. Multiple-factor ANOVA was used to test the effects of IFN-y, CD40 Ab, and Fas Ab. C-H: localization of TUNEL-
and Caspase-3-positive cells (white-encircled) in lung tissue sections from 5 mice. By multiple-factor ANOVA, the effects on the TUNEL™ staining of all 3 singly
were significant at P < 0.0001, and there was synergy between CD40 Ab and Fas Ab (P = 0.0004) and also between IFN-y and Fas Ab (P < 0.0001). By Fisher’s
LSD post hoc analysis, CD40 had a significant effect (P < 0.05) in increasing TUNEL staining in combination with either Fas Ab or the combination of Fas
Ab and IFN-v, but not when used alone. By multiple-factor ANOVA, effects of IFN-y, CD40 Ab, or Fas Ab on the Caspase-3 staining were significant at P <
0.0001, P = 0.003, and P < 0.0001, respectively. Interactions between Fas Ab and both CD40 Ab and IFN~-y were significant at P = 0.03 and P < 0.0001
respectively. By Fisher’s LSD post hoc analysis, CD40 significantly (P < 0.05) increased Caspase-3 staining in combination with Fas Ab and IFN-y, but not

under other conditions.
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mines whether each factor has significant effect across conditions and
then determines whether those effects are altered in an additive or
synergistic way when combined with other factors. It is these statis-
tical values that are usually reported, rather than comparisons of any
two conditions; where post hoc tests were performed, they were done
by Fisher’s least-significant difference and reported as such. The
statistical significance of dose-response curves was determined by
the correlation z-test using log-transformed doses, i.e., apoptosis
rate plotted against log (dose).

RESULTS

CDA40 activation induced emphysematous changes in mice.
We first determined whether CD40 activation, alone or in
combination with other factors, was capable of inducing an
emphysematous phenotype in mice. IFN-y and Fas activation
were chosen as the two cofactors, IFN-y because it is well
known to be involved in the pathogenesis of emphysema (3, 6,
8) and produces an accepted mouse model of emphysema (39),
and Fas because synergy between CD40/CD40L and Fas has
been demonstrated previously (1, 38) and Fas-driven apoptosis
may be mechanistically relevant. Mice received activating
antibodies to CD40 (CD40 Ab), IFN-y, and activating antibod-
ies to Fas (Fas Ab), individually or in combination, by inha-
lation every 3 days for 24 days. Inhalation of activating Fas Ab
has been reported to cause acute lung injury associated with the
infiltration of massive leukocyte (23, 29). To see the chronic
effects for alveolar destruction, we started Fas Ab instillation
from a smaller dose and gradually escalated to determine the
final dose.

Before performing inhalation experiments, we first con-
firmed constitutive expression of CD40 and Fas in alveoli.
Both CD40 and Fas were expressed by mouse lung alveoli, and
IFN-vy stimulation enhanced the expression of CD40 (Fig. 1).
In assessment of emphysematous change, IFN-y and Fas-
activation each independently increased MLI. Although CD40
activation alone did not show a strong effect on MLI, it
increased MLI induced by Fas Ab, IFN-v, or Fas Ab + IFN-y
(Fig. 2, A-I). These data indicate that CD40 activation is
capable of enhancing alveolar wall destruction by Fas and by
IFN-v, resulting in emphysematous changes in mice lung.

In addition to the presence of dilation of alveoli and an
enlargement of respiratory bronchiole alveolar duct complex, a
decrease in the numbers of alveoli recognized as a closed
curve means an enlargement of continuous terminal airway
with disruption of septa, which has been known as the
essential of remodeling in case of emphysema. Of interest,
mononuclear cell accumulation, predominantly lympho-
cytes, at the perivascular site was observed only in the
CD40-activation group (Fig. 2, J and K). This implies that
CD40 stimulation elicits lymphocyte activation or induction
of chemotactic molecule secretion from local tissues. In

INVOLVEMENT OF CD40 IN PULMONARY EMPHYSEMA
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Fig. 5. A and B: expression of CD40 in human pulmonary microvascular
endothelial cells (HPMVEC) (A) and human pulmonary alveolar epithelial
cells (HPAEpIiC) (B). C and D: expression of Fas in HPMVEC (C) and
HPAEpiC (D). Data for control IgG, in the absence of IFN-y, and in the
presence of IFN-y are shown as white histogram with thin line, gray shaded
histogram, and white histogram with thick line, respectively. PE, phycoeryth-

rin.

104

vivo, CD40 activation, as well as IFN-y, significantly in-
creased inflammatory cell accumulation in lung, especially
lymphocytes, in BALF (Fig. 3). CD40 activation dramati-
cally enhanced the accumulation of inflammatory cell when
combined with [FN-v.

CDA0 activation increased apoptotic cells in alveoli. Apop-
tosis is thought to play a major role in emphysema (2) and has
been shown to drive emphysematous changes in mouse models
(5, 22). To determine whether the increase in MLI in mice
treated with activating antibody to CD40 correlated with in-
creased apoptosis, TUNEL and caspase-3 staining were per-
formed on lung sections, with positive cells counted as a
proportion of the total cells. In TUNEL staining, CD40 acti-
vation, IFN-y, and Fas activation each independently increased

Fig. 6. HPMVEC (A and B) and HPAEpiC (C and D) apoptosis following CD40, IFN-y, and Fas stimulation. Data are means * SE from 3 experiments.
Multiple-factor ANOVA was used in A and C to test the effects of [FN-y, CD40 Ab, and Fas Ab. The correlation z-test was used in B and D to test the dose
response for increasing concentrations of activating mAb to CD40 in combination with Fas Ab and/or IFN-y. A: effects of all 3 singly were significant at P <
0.0001; there was synergy between Fas Ab and CD40 Ab (P = 0.0004) and between Fas Ab and IFN-y (P < 0.0001). B: there was no effect of CD40 alone;
however, increasing CD40 activation, in combination with Fas Ab and Fas Ab + IFN-v, increased the percentage of apoptotic cells. C: both CD40 Ab and Fas
Ab increased apoptosis, and this was significant at P < 0.0003. IFN-y did not significantly affect apoptosis in this model, either as a single factor or in
combination with other factors. The combined effects of Fas Ab and CD40 Ab were synergistic (P = 0.0004). D: there was no effect of CD40 alone; however,
in combination with Fas Ab, increasing CD40 activation significantly increased the percentage of apoptotic cells (P values indicated). By multiple-factor
ANOVA, IFN-+v had no effect on apoptosis in this model. E: representative flow cytometry plots for Annexin V and phosphatidyl inositol in HPMVEC.
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the numbers of apoptotic nuclei, and there was a mild synergy
between CD40 and Fas, as well as between IFN-y and Fas (Fig. 4A).
In caspase-3 staining, CD40 activation slightly increased the
number of caspase-3-positive cells, whereas IFN-y and Fas acti-
vation significantly increased caspase-3-positive cells. Moreover,
in accordance with the TUNEL results, there was a mild synergy

L147

between CD40 and Fas (Fig. 4B). These results indicate that
CD40 activation slightly increased cell death in lung although its
major effect in apoptosis was to enhance the death signal by Fas.

CD40 and Fas were constitutively expressed on HPMVEC
and HPAEpiC. We next determined whether CD40 directly
affects alveolar endothelial and epithelial cells, alone or in

PULMONARY EMPHYSEMA
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combination with cofactors in vitro. Previous results on CD40
were based on experiments using human umbilical vein endo-
thelial cells, and little is known about CD40 in lung-derived
cells. Flow cytometry was therefore performed to confirm the
cell surface expression of CD40 and Fas in HPMVEC and in
HPAEDpiC. Both CD40 (Fig. 5, A and B) and Fas (Fig. 5, C and
D) were constitutively expressed in both cell types, although at
a lower level in endothelium. CD40 and Fas were both up-
regulated by incubation with IFN-y in both cell types, although
to a greater extent in endothelium than in epithelium. Enhance-
ment of Fas expression by CD40 activation, which occurs in B
cells (38), was not observed in either cell type (data not
shown).

Sensitization of Fas-mediated cell death by CD40 and/or
IFN-y stimulation. After confirming the expression of CD40
and Fas on both cell types, we determined whether CD40
would increase apoptosis in cultured cells; if this were so, it
implies that the effect is on the cells themselves, rather than
being mediated through bystander inflammation. HPMVEC or
HPAEpIiC were incubated for 12 h in medium containing
activating anti-CD40 Ab, activating anti-Fas Ab, IFN-y, or
combinations of these, and apoptotic cells were evaluated by
flow cytometry.

In endothelial cells (HPMVEC), the effects of both CD40
Ab and IFN-v, as individual factors, on Annexin V-positive
cell counts were weak. Fas Ab induced cell death in ~20% of
cells. However, both CD40 Ab and IFN-y enhanced Fas-
mediated cell death (P = 0.0004 and P < 0.0001 by multiple-
factor ANOVA, respectively, Fig. 6A4). The enhanced effect of
CD40 Ab in combination with Fas Ab and Fas Ab + IFN-y
was further assessed in a dose-response study (Fig. 6B). CD40
activation, either alone or in combination with IFN-y, had no
significant effect on cell death. However, increased CD40
activation, in combination with either Fas Ab or Fas Ab +
IFN-+, resulted in significantly increased cell death, suggesting
that cell death is primarily triggered by Fas ligation.

In epithelial cells (HPAEpiC), the induction of cell death
was generally less pronounced than in HPMVEC. In HPAEpIC,
IFN-vy had no significant effect on cell death, either alone or in
combination with Fas Ab or CD40 Ab. CD40 activation had
little effect alone but significantly enhanced Fas-mediated cell
death (Fig. 6C). CD40 activation also showed a strong and
significant dose-response effect in the amplification of Fas-
mediated cell death but had no effect alone or in combination
with IFN-y (Fig. 6D).

Taken together, these data indicate that CD40 potentiates
Fas-mediated cell death in both endothelial and epithelial cells
but that the effect of IFN-y is specific to endothelial cells. It is
plausible that the effect of IFN-y on cell death is entirely the
result of its effects on CD40 and Fas, which it induces to a
much greater extent in endothelial cells than in epithelial cells
(Fig. 5, A-D).

Induction of CCRS5 ligands by CD40 stimulation. The find-
ings thus far indicate that CD40 amplified Fas-mediated
apoptosis in mice lungs (Fig. 4) and in pulmonary endothe-
lial and epithelial cells (Fig. 6) but showed little effect on
apoptosis, either alone or in combination with IFN-y (Figs.
4 and 6). When combined with IFN-y, however, CD40 did
drive the loss of alveoli in mice (Fig. 2I). This suggests that,
although amplification of Fas-mediated apoptosis is one

INVOLVEMENT OF CD40 IN PULMONARY EMPHYSEMA

effect of CD40 in emphysema, other independent effects
may also exist.

In other systems, CD40 has been shown to regulate proin-
flammatory molecules (13, 26, 36) involved in sustained in-
flammation, resulting in mild alveolar loss in the lung. Among
them, we noticed the important role of CCRS5 ligands such as
MIP-1a, MIP-1B, and RANTES because these molecules may
be involved in IFN-y-induced inflammation and remodeling in
the pathogenesis of pulmonary emphysema. CCRS ligands
play a role in the progression of emphysema by an IFN-y-
dependent mechanism that involves the regulation of cell
death, as well as caspase, matrix metalloproteinase, and
antiprotease activities (3, 24). Thus their concentrations
were measured in culture supernatants from HPMVEC and
HPAEpIC treated by activating CD40 Ab and/or IFN-y, In
HPMVEC, both CD40 Ab and IFN-vy, as independent fac-
tors, significantly induced RANTES and MIP-18 secretion
in culture supernatant (Fig. 7). Synergy between CD40 Ab
and IFN-y was observed for secretion of RANTES. In
HPAEpiC, the levels of CCR5 ligands were below the
threshold of detection (data not shown). RANTES is a
potent chemoattractant for monocyte and T cell, and its
expression is often upregulated, especially in acute exacer-
bations of COPD (8, 24). We measured RANTES in BALF
from treated mice and confirmed that RANTES was also
increased in vivo by sole CD40 stimulation or in combina-
tion with IFN-y (Fig. 7D).

Plasma sCD40L was increased in patients with COPD.
Circulating levels of soluble CD40 ligand (sCD40L) are up-
regulated in systemic vascular diseases, such as ischemic heart
disease, stroke, pulmonary hypertension, and even in cigarette
smokers (12, 16, 19, 20). Furthermore, we found that CD40
stimulation induces emphysematous change in mouse lung.
Therefore, we lastly wanted to determine whether or not
sCD40L was upregulated in patients with COPD. The COPD
group showed significant decreases in %FEV, and FEV/FVC
as expected. Body mass index was also decreased in the COPD
group (Table 1). Plasma sCD40L levels were significantly
higher in the COPD group compared with the healthy smoker
group (COPD 2.1 £ 0.2 ng/ml, healthy smoker 0.8 * 0.2
ng/ml: P = 0.008) (Fig. 8). Notably, plasma sCD40L level in
patients was oppositely correlated to %FEV; (R = 0.68, P <
0.0001) and positively correlated to LAA score (R = 0.54, P <
0.0001) regardless of pack/year smoking (Fig. 9, A and B,
Table 2). These findings may indicate that high concentration
of plasma sCD40L is associated with impaired lung function,
as well as alveolar structural destruction, regardless of smoking
history.

DISCUSSION

In the present study, we showed in mice that CD40 agonists,
both alone and in concert with Fas agonists and IFN-vy, drive
the enlargement of airspaces (Fig. 2I). In concert with the
mouse data, patients with COPD have elevated plasma levels
of sCD40L, which was correlated to impaired lung function
and alveolar destruction (Fig. 9). A likely mechanism is the
amplification of Fas-mediated apoptosis by CD40, as demon-
strated both in mice (Fig. 4) and in human pulmonary endo-
thelial and epithelial cells (Fig. 6). IFN-y enhanced the air-
space enlargement caused by CD40 agonist (Fig. 2I) although
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Fig. 7. A-C: CCRS ligand levels in cell supernatants as assessed using the
Bioplex system (n = 5), after a 12-h incubation with CD40 agonist and/or
IFN-vy in HPMVEC. D: chemokine regulated on activation normal T cells
expressed and secreted (RANTES) level in BALF from mice with treatments
(n = 4). *P < 0.05. MIP, macrophage inflammatory protein.

synergy between CD40 and IFN-vy in apoptotic induction was
not obvious (Figs. 4 and 6). It might indicate that collaboration
between CD40 and IFN-y in mediating emphysema probably
does not occur through enhanced apoptosis but rather through
enhanced inflammation (Fig. 7).

Fas-mediated apoptosis of alveolar cells has previously been
reported only in acute lung injury and pulmonary fibrosis (23,
29). However, in the context of emphysema, endothelial and
epithelial cell apoptosis in COPD were thought to be driven by

Table 1. Participant characteristics
Healthy Smoker

n =19 COPD (n = 69) P Value
Age, yr 724 +22 733 %07 n.s.
Male/Female , n 19/0 62/7 ns.
BMI 232 =06 199 +03 < 0.000t
FEV\/FVC, % 79403 453 = 1.1 < 0.0001
%FEV |, % 104.7 = 4.1 445+ 1.8 < 0.0001
Pack/Year 279 £49 346 £ 2.1 n.s.
Plasma sCD40L, ng/ml 0.8 £0.2 21+0.2 0.008

Applicable values are means = SE. COPD, chronic obstructive pulmonary
disorder; BMI, body mass index; n.s., not significant; FEV|, forced expiratory
volume in | s; FVC, forced vital capacity.

the release of perforin and granzyme from CD8*T cells (3, 8).
The interaction of Fas/FasL system in the development of
COPD has long been discussed, only in the context of circu-
lating FasL levels in the patient’s serum (34, 41), and it
remains controversial. However, because CD8* T cells are a
major source of functional FasL, it is quite possible that these
cells also mediate alveolar or endothelial apoptosis through the
Fas/FasL pathway, in addition to perforin and granzyme re-
lease, thus reconciling these two mechanisms. Sensitization of
Fas by CD40 stimulation has only been reported in activated B
cells and a few other cell types (1, 31, 38). Although it is not
surprising that the same mechanism appears to function in
pulmonary cells, this finding is relevant and of potential im-
portance in the pathophysiology of emphysema. The role of
IFN-vy in emphysema has been studied in a mouse transgenic
overexpression model. In that model, the pathogenesis of
emphysema was attributed to overactivation of matrix metal-
loproteinase-12 although alveolar apoptosis was not confirmed
(39). This is consistent with the present data, which showed
that IFN-y did not induce apoptosis on its own, either in
epithelial or endothelial cells. The present findings suggest a
potential mechanism for the effect of IFN-y in emphysema,
namely the induction of CD40 and Fas. However, the major
mechanism for the effect of IFN~y and the interaction between
CD40 and IFN-y appeared to be through the induction of

I *

4 * L

©®
LR J
T

Plasma sCD40L (ng/ml)

——

|

i
} I
HS COPD

Fig. 8. Plasma sCD40L level in patients with chronic obstructive pulmonary
disease (COPD) (n = 69) was increased compared with that of in healthy
smoker (HS; n = 19). COPD 2.1 #* 0.2 ng/ml, HS 0.8 = 0.2 ng/ml, P = 0.008.
Values are means £ SE.
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CCRS5 ligands, such as MIP-1B and RANTES. In the present
study, the increase in RANTES attributable to CD40 activation
was comparable to that stimulated by high concentrations of
IFN-v, and this was further increased by the combination of
CD40 with IFN-y. Thus, in concert with IFN-y, CD40 plays a
role in sustaining inflammation by increasing the secretion of
RANTES.

One of the limitations of this study was that we have not
investigated the recruitment of professional antigen-presenting
cells, such as dendritic cells and macrophages, although these
cells have been suggested to play important roles in emphy-
sema (3, 6). Surface expression of CD40 on pulmonary den-
dritic cells has been reported to be increased by smoke inha-
lation in mice (11). However, Matute et al. (4, 25) reported
that, in acute lung injury, Fas directly affects alveolar cells, not
via myeloid cells such as alveolar macrophages. Indeed, we did
not detect increased numbers of apoptotic immune cells in
lungs of our mouse models. CD40 signaling is an effective
driver of antigen-presenting cells for maturation and producing
Th1/Tcl cytokines as IFN-y (15, 33); thus we speculate that
the effects on immune cell by these molecules did not alter the
present results. Increased lymphocyte recruitment was ob-
served in the CD40 agonist model systems and was consistent
with the findings of increased chemokine secretion in vitro and

" in vivo. This observation suggested that increased recruitment
of inflammatory cells may be one of the mechanisms through
which CD40 facilitates IFN-y-induced emphysematous

change.
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Fig. 9. Correlations between the percentage of forced expiratory volume in 1
s (%FEV,) or low-attenuation area (LAA) score, and plasma sCD40L level.
Plasma sCD40L level in patients was oppositely correlated to %FEV (R =
0.68, P < 0.0001, A) and positively correlated to LAA score (R = 0.54, P <
0.0001, B).
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Table 2. Relationship between sCD40L and emphysema-
associated factors

Variable SRC P value
%FEV | —0.656 <0.0001
Pack/Year 0.14 0.12
LAA score 0.51 <0.0001
Pack/Year 0.11 0.32

Multiple-regression analysis to find which is more associated, pack/year or
% FEV| and low-attenuation area (LAA), with plasma sCD40L level in
patients with COPD (n = 69). SRC, standardized regression coefficients.

We analyzed only type-1-dominant alveolar cell (HPAEpiC:
composed of 95% of alveolar type I cell) in the present study.
However, alveolar type Il cells are considered to be local
progenitor cells that have the ability to compensate for the loss
of type I cells and are resistant to apoptotic signals (28).
Because growing evidence suggests that impaired repair of
alveoli is a critical mechanism in emphysema (10, 21), it will
be interesting to analyze the response of both type I and type
I alveolar cells.

Taking all the findings together, we conclude that CD40
enhances Fas-mediated apoptosis in alveolar cells and secre-
tion of proinflammatory chemokines, both of which are asso-
ciated with the development of pulmonary emphysema.

This study adds insight to reconsider the role of TNF-family
molecules in the pathogenesis of the disease. Blocking or
normalization of the CD40 signaling pathway might be an
alternative therapeutic strategy for the treatment of pulmonary
emphysema.
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