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ABSTRACT Purinergic receptor activation via extracellular ATP is involved in the pathogenesis of
chronic obstructive pulmonary disease (COPD). Nucleoside triphosphate diphosphohydrolase-1/CD39
hydrolyses extracellular ATP and modulates P2 receptor signalling.

We aimed to investigate the expression and function of CD39 in the pathogenesis of cigarette smoke-
induced lung inflammation in patients and preclinical mouse models. CD39 expression and soluble
ATPase activity were quantified in sputum and bronchoalveolar lavage fluid (BALF) cells in nonsmokers,
smokers and COPD patients or mice with cigarette smoke-induced lung inflammation. In mice,
pulmonary ATP and cytokine concentrations, inflammation and emphysema were analysed in the presence
or absence of CD39.

Following acute cigarette smoke exposure CD39 was upregulated in BALF cells in smokers with further
increases in COPD patients. Acute cigarette smoke exposure induced CD39 upregulation in murine lungs
and BALF cells, and ATP degradation was accelerated in airway fluids. CD39 inhibition and deficiency led
to augmented lung inflammation; treatment with ATPase during cigarette smoke exposure prevented
emphysema.

Pulmonary CD39 expression and activity are increased in COPD. CD39 deficiency leads to enhanced
emphysema in mice, while external administration of a functional CD39 analogue partially rescues the
phenotype. The compensatory upregulation of pulmonary CD39 might serve as a protective mechanism in
cigarette smoke-induced lung damage.
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Introduction

Chronic obstructive pulmonary disease (COPD) is a leading cause of morbidity and mortality worldwide
[1]. Tt is associated with the specific inflammation of small airways, which results in airway obstruction,
parenchymal destruction and the development of emphysema. Although inhalation of cigarette smoke is
the main risk factor for the development of COPD, the precise mechanisms initiating and perpetuating the
disease and the underlying inflammation are poorly understood.

An increasing body of evidence supports the involvement of endogenous nucleotides, which activate P2
receptor subtypes, in neutrophilic airway inflammation [2-5]. More specifically, increased pulmonary levels of
ATP can be found in mice and human subjects following exposure to cigarette smoke, and also in patients
with COPD. Importantly, ATP concentration in the bronchoalveolar lavage fluid (BALF) of patients correlates
with neutrophil counts and airflow limitation [3]. In the mouse model, inhibition of specific P2 receptor
subtypes has been shown to decrease cigarette smoke-induced lung inflammation and emphysema [6, 7].

The levels of nucleotides in mammalian tissues are tightly controlled by the nucleoside triphosphate
diphosphohydrolases (NTPDases) 1-8 and other ectonucleotidases. CD39/NTPDasel/ecto-apyrase is the
dominant purinergic ecto-enzyme in the immune and vascular barrier in the lung, and it is also a key regulator
of the functionality of immune cells [8]. It regulates ATP-mediated P2 receptor signalling by hydrolysing ATP/
ADP to AMP, which is then further metabolised by CD73/ecto-5"-nucleotidase to adenosine [9].

Interestingly, besides its general ecto-enzymatic function, CD39 might directly modulate the function of
immune cells such as neutrophils, macrophages or dendritic cells [10, 11]. Consequently, an important
role of CD39 in inflammatory disorders, including acute respiratory distress syndrome, hyperoxic acute
lung injury, colitis and autoimmune diabetes has been demonstrated [12, 13]. Recently, we have shown
that CD39 is involved in the pathogenesis of allergic airway inflammation by modulating dendritic cell
function [14]. However, the role and regulation of CD39 in the development and maintenance of cigarette
smoke-induced lung inflammation and emphysema is unknown.

The aim of this study was to investigate, for the first time, the expression and functional impact of CD39 on
the pathogenesis of COPD. For this purpose we measured the expression of CD39 and ATPase in sputum
and/or BALF of nonsmokers, smokers, ex-smokers and patients with COPD, as well as in BALF and lung
tissue of mice with cigarette smoke-induced lung inflammation. In order to elucidate the functional relevance
of these findings, the effect of CD39 inhibition/deficiency on the development of cigarette smoke-induced
lung inflammation and lung emphysema was analysed in a translational mouse model. Finally, to support the
potential therapeutic implications of these findings, cigarette smoke-exposed mice were treated with a
functional analogue of CD39 and the degree of lung inflammation and lung emphysema was determined.

Methods

Collection of BALF and sputum from control subjects and patients with COPD

BALF was collected from control subjects and ex-smoking COPD patients as part of a previous study and
processed as described previously [3]. A subset of smokers underwent bronchoscopy and bronchoalveolar
lavage after a 4-h period of smoking deprivation (no smoke exposure) and immediately after a 4-h period
during which eight cigarettes were smoked (acute smoke exposure), with a 2-week interval in between.
Induced or spontaneous sputum was collected from control subjects, as previously reported [15]. Patients
were ex-smokers (abstinence >6 months prior to recruitment) and had known COPD which had been
established previously by a respiratory specialist and were in stable condition. Spirometric classification
was performed according to RaBe et al. [1]. Detailed information on eligibility criteria, patient
characteristics and the procedure is given in the online supplementary material.

The study was conducted in line with the recommendations of the Declaration of Helsinki and was
approved by the local ethics committee of University Medical Centre (Freiburg, Germany). All participants
gave written informed consent.

Mice

C57BL/6 mice (aged 6-8 weeks) were purchased from Charles River (Calco, Italy) or were bred at the
animal facilities at the University Hospital Freiburg. Cd39-deficient mice (Cd397") on a C57BL/6
background were generated as previously described [14]. All experiments were performed according to
institutional guidelines of the animal ethics committees of the Italian or German governments.

Animal models of acute and chronic cigarette smoke-induced lung inflammation

The induction of acute and chronic smoke-associated lung inflammation was performed as previously
described [6, 7, 16]. In some experiments, intratracheal or intraperitoneal treatment was performed prior
to smoke exposure. BALF and lungs were collected and processed as previously described [3, 7].
Additional details are provided in the online supplementary material.
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Enzyme histochemistry on murine lungs

For localisation of ATPase activity, the lead phosphate method was applied [17], which is based on the
precipitation of lead by free phosphate generated from ATPase activity. The intensity of lead staining was
quantified using Image] v1.46r software (National Institutes of Health, Bethesda, MD, USA). Further details
are available in the online supplementary material.

ATP and cytokine measurements in BALF and sputum supernatant

Cell-free human sputum and murine BALF supernatants were incubated for 30 min at room temperature
with 100 mM and 100 nM ATP, respectively. ATPase activity is shown as percentage of ATP hydrolysed
(100 — percentage ATP recovered). ATP concentration was determined as previously described [3, 18].
Cytokine concentrations in BALF were measured using commercially available ELISA kits (R&D Systems,
Minneapolis, MN, USA).

Real-time PCR

Total RNA was isolated using QIAzol (Qiagen, Hilden, Germany); complementary DNA synthesis was
performed using a First Strand cDNA synthesis kit (ThermoScientific, Bremen, Germany). Quantitative PCR
was performed using a LightCycler 480 (Roche, Mannheim, Germany) using a fast-blue+UNG kit (Eurogentec,
Cologne, Germany). B2M and GAPDH were used as reference genes. Gene expression assay design and analysis
were performed as previously described [19]; primer/probe sequences are available upon request.

Statistical analysis

Sputum data were not normally distributed (D’Agostino-Pearson test) and were analysed using
nonparametric tests (Kruskal-Wallis with Dunn’s post hoc test, Spearman correlation) and reported as
median (interquartile range). CD39 expression data in sputum were logarithmically transformed to yield
normal distribution. Otherwise, a one-sample t-test, unpaired t-test or ANOVA with post hoc Bonferroni
test were applied and data are shown as meantsem (GraphPad Prism 5; GraphPad Software, San Diego,
CA, USA). Differences were considered significant if p<0.05.

Results

CD39 expression of airway inflammatory cells is modulated by smoking and increased in COPD

To analyse the effects of smoking on CD39 expression and activity in the airways, BALF leukocytes
collected in a previously published cohort of nonsmokers, smokers and patients with COPD were studied
[3]; subject characteristics are shown in table 1. We observed a tendency to increased expression of CD39
on BALF leukocytes from patients compared to smokers and nonsmokers (p=0.09; fig. 1a). Previously, we
reported that in human smokers BALF ATP levels were strongly increased after acute smoke exposures
compared to a period of smoking cessation [3]. Thus we questioned whether CD39 expression in BALF
cells might also be influenced. As shown in figure 1b, a 4-h period of smoking induced a strong
upregulation of CD39 expression in BALF cells of human smokers (n=8).

To support these findings in a broader cohort, sputa were collected from control subjects and ex-smoking
patients with COPD. Patient characteristics and sputum variables are presented in table 2. As shown in fig. 1c,
CD39 expression of total sputum cells was increased in current smokers compared to non- and ex-smoking
control subjects. In fact, CD39 expression was higher in ex-smoking patients with COPD (n=26) than in

TABLE 1 Subject characteristics in the bronchoalveolar lavage fluid (BALF) study

Control subjects COPD patients

Nonsmoking Smoking
Subjects 7 10 8
Male/female 2/6 2/8 0/8
Age years 42+7 37+7 555+ #
Pack-years NA 104 35+8%
GOLD severity I/11/111 NA NA 2/4/2
Leukocytes x10° cells-100 mL™" BALF 9.4+6.6 13.7£10.7 31.9+16.3
FEV1 % predicted 102+8 10410 70£15

Data are presented as n or mean+sp. ANOVA with Bonferroni post hoc test or t-test were used. COPD: chronic
obstructive pulmonary disease; GOLD: Global Initiative for Chronic Obstructive Lung Disease; FEV1: forced
expiratory volume in 1's; NA: not applicable. **: p<0.01 versus nonsmoking control; *: p<0.01 versus currently
smoking control.
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FIGURE 1 Cellular CD39 expression and soluble ATPase activity in airway inflammatory cells of nonsmokers,
ex-smokers, current smokers and patients with chronic obstructive pulmonary disease (COPD). a) Expression of
CD39 in total bronchoalveolar lavage fluid (BALF) cells isolated from never-smoking controls, smokers and
patients with COPD was measured using quantitative (q)PCR; p=0.09. b] Effect of acute cigarette smoke
inhalation on CD39 expression in BALF leukocytes of human smokers; **: p<0.01. c) Expression of CD39 in total
sputum cells isolated from controls and ex-smoking patients with COPD was quantified using qPCR. Data are
presented as means#sem. *: p<0.05; **: p<0.01 nonsmoker versus current smoker, nonsmoker versus ex-smoking
COPD; #: p<0.05 ex-smoker versus current smoker, ex-smoker versus ex-smoking COPD. d) Freshly prepared
cell-free sputum supernatant was incubated with 100 mM ATP for 30 min at room temperature, then ATPase
activity was measured in a bioluminescent assay. Data are presented as meanzsem. **: p<0.01 nonsmoker
versus ex-smoking COPD; T: p<0.01 ex-smoker versus ex-smoking COPD, *: p<0.05 current smoker versus
ex-smoking COPD. e, f] Correlation of ATPase activity in sputum supernatant to e) percentages and f) counts of
sputum neutrophils in ex-smoking patients with COPD. *: p<0.05; **: p<0.01.

control subjects. Furthermore, the activity of ATPase in cell-free sputum supernatant was enhanced in
patients (n=23) compared to nonsmokers, ex-smokers and current smokers (fig. 1d). Of note, ATPase activity
was increased in patients with severe/very severe COPD compared to subjects with mild/moderate disease
(p=0.03, data not shown), and showed a negative correlation with FEV1 % predicted (p=0.01, r=—0.52),
which suggests that more severe airflow limitation is associated with the accelerated activity of airway ATPase.
However, no relationship was observed between CD39 expression and disease severity or FEV1 (data not
presented). Interestingly, in patients, ATPase activity showed a significant positive correlation to leukocyte
count-g”™" sputum (p<0.01, r=0.57), sputum neutrophil percentages (fig. le) and neutrophil counts (fig. 1f),
but not to the counts or percentages of macrophages, eosinophils and lymphocytes (data not shown).

CD39 expression and pulmonary ATPase activity are enhanced in a mouse model of cigarette
smoke-induced lung inflammation

To corroborate the human findings, Cd39 expression and ATP hydrolysing activity were studied in BALF
cells and supernatants in a mouse model for cigarette smoke-induced lung inflammation. Similarly to the
human data, we observed an increase in Cd39 expression and soluble ATPase activity in BALF cells and
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TABLE 2 Subject characteristics in the sputum study

Control subjects

COPD patients

Nonsmokers Smokers Ex-smokers
Subjects 10 8 9 28
Male/female 4/6 4/4 6/3 19/9
Age years 30+6 4829** 49+10%* 65+8*+H##.1
Pack-years NA 47410 21+5%# 46+197
GOLD severity I/1I/1II/IV NA NA NA 4/8/5/11
FVC L 4.69+1.08 4.15£0.70 4.73+1.50 2.87+1.00%*#1
FVC % predicted 10247 105414 108+18 824231
FEV1 L 3.90£0.89 3.46+0.81 3.90£1.10 1.5420.83**##1
FEV1 % predicted 100£10 104+11 111415 50+23*+##.10
FEV1/FVC 0.83+0.08 0.83+0.07 0.83+0.05 0.51+0.14%*##1
Leukocytes x10° cells-g™" sputum 2.98 (1.30-4.65) 1.34 (0.67-2.87) 2.81 (1.43-4.39) 4.33 (2.76-11.35)##
Macrophages % 40.9 (34.4-51.5) 33.2 (23.2-52.9) 57.7 (32.9-78.1) 13.1 (4.2-28.0)%*# 1
Neutrophils % 57.9 (45.5-62.3) 64.7 (46.3-74.9) 41.8 (21.4-66.5) 85.9 (70.3-94.5)**#1
Eosinophils % 0(0-0.1) 1.3 (0.2-1.5)* 0.3 (0-0.7) 0.5 (0.3-1.7)*
Lymphocytes % 1.2 (0.6-2.6) 0.8 (0.3-1.0) 0.2 (0-0.8) ** 0.5 (0.3-0.8)**

Data are presented as n, meantsp for normally distributed data and median (interquartile range] for non-normally distributed data.
Post-bronchodilator (10 min after the inhalation of 400 ug salbutamol from a metered-dose inhaler) spirometric values are presented. ANOVA
with Bonferroni post hoc test, Kruskal-Wallis with Dunn’s post hoc test and the Fisher exact test were used. COPD: chronic obstructive
pulmonary disease; GOLD: Global Initiative for Chronic Obstructive Lung Disease; FVC: forced vital capacity; FEV1: forced expiratory volume in
1's; NA: not applicable. *: p<0.05 and **: p<0.01 versus nonsmoking control; #: p<0.05 and ##: p<0.01 versus currently smoking control; : p<0.01
versus ex-smoking control.

supernatant of wild-type mice exposed to the smoke of five cigarettes for three consecutive days compared
to air-exposed controls (fig. 2a, b).

Besides inflammatory cells, pulmonary ATP concentration is also controlled by CD39 strongly expressed on
airway epithelial cells [14]. Therefore, we further assessed the expression and pulmonary activity of
membrane-bound ATPase in lung tissue of mice exposed to cigarette smoke for up to 28 days. Indeed,
cigarette smoke exposure led to the strong upregulation of Cd39 mRNA (fig. 2c) as well as pulmonary ATPase
activity in the lung tissue compared to air-exposed mice (fig. 2d-i). Interestingly, the highest ATPase activity
was observed after 14 days of cigarette smoke exposure; however, pulmonary ATPase activity remained
elevated on days 21 and 28. No ATPase activity was observed in lungs of CD39-deficient animals (online
supplementary fig. S1).

Inhibition of the ectonucleotidase CD39 aggravates cigarette smoke-induced acute lung inflammation
To evaluate the functional relevance of increased Cd39 expression due to smoke-induced lung inflammation,
mice were treated intratracheally with the ectonucleotidase inhibitor ARL-67156 (100 mM) or vehicle 30 min
before each smoke exposure. Compared to vehicle treatment ATP concentration was elevated in BALF of
animals treated with ARL-67156, which was accompanied by an increase in macrophage and neutrophil
counts and an elevation in the concentrations of interleukin (IL)-6, keratinocyte-derived chemokine (KC)
and macrophage inflammatory protein (MIP)-2 in the BALF (fig. 3a—c).

CD39 deficiency aggravates acute and chronic cigarette smoke-induced lung inflammation

As a further proof of concept, we also exposed Cd39™'~ mice to cigarette smoke for 3 days (five cigarettes
per day). Again, CD39 deficiency was associated with an increase in BALF ATP levels, numbers of
neutrophils and alveolar macrophages, as well as higher concentrations of IL-6, KC and MIP-2 compared
to wild-type mice (fig. 4a—c).

In order to study the natural history and the pathological consequences leading to COPD, Cd39™'~ mice
were additionally examined in a model of chronic cigarette smoke induced-lung inflammation and lung
emphysema. Following 4 months of cigarette smoke exposure in wild-type and Cd39™~ mice, the average
interalveolar distance (mean linear intercept, Lm) increased while the internal surface area of the lungs
(ISA) decreased compared to air-exposed animals. These effects were significantly enhanced in
smoke-exposed Cd39™'~ mice compared to wild-type animals (fig. 4, e).
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FIGURE 2 Pulmonary CD39? expression and ATPase activity are upregulated in a mouse model of acute cigarette smoke-induced lung inflammation.
Male C57BL/6 mice were exposed to the smoke of five cigarettes or air on three consecutive days. 1 h after the last smoke exposure, bronchoalveolar
lavage fluid (BALF) and lung tissue were collected to determine Cd39 mRNA expression and to assess ATPase activity. al mRNA levels of Cd39 in
BALF leukocytes of smoke- and air-exposed animals. Data are presented as meanzseM; n=6-8 mice in each group; *: p<0.05. b) Freshly prepared
cell-free BALF supernatant was incubated with 100 nM ATP for 30 min at room temperature, and then ATP recovery was measured luminometrically.
Data are presented as mean+SEM n=6-8 mice in each group. **: p<0.01 wild- -type (WT)/air versus WT/smoke; ***: p<0.001 Cd39~~/air versus
WT/smoke; #: p<0.01 Cd39~/smoke versus WT/smoke c) mRNA Levels of Cd39 in total lung tissue of smoke- and air-exposed animals. Data are
presented as mean+sem; n=6-8 mice in each group; *: p<0.05 and ***: p<0.001 mice exposed to smoke versus air. d-i) Pulmonary ATPase activity was
assessed in WT mice exposed to air or cigarette smoke for 3-28 days. Lung sections were incubated with 300 mM ATP for 90 min. d) Lead staining
intensity of lung sections was quantified using ImageJ software (National Institutes of Health, Bethesda, MD, USA). Data are presented as meanzsewm;
n=6-8 mice in each group; *: p<0.05, **: p<0.01 and ***: p<0.001 mice exposed to smoke versus air. e-i] Brown lead precipitate corresponds to
ATPase activity in the lung tissue: e] exposure to air did not induce any ATPase activity in the lungs; f] enzyme activity was substantially increased
upon smoke exposure already after 3 days; g} the highest level was observed at day 14, gradually decreasing at h) day 21 and i) day 28. Scale
bars=100 um.
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Therapeutic implication of a soluble ATPase in chronic cigarette smoke-induced emphysema and
pulmonary inflammation

Our data suggest that endogenous CD39 activity is boosted and seems to partially protect mice and humans
against further aggravation of cigarette smoke-induced lung inflammation. Therefore, we next questioned
whether enhancing pulmonary ATPase activity might inhibit the development of cigarette smoke-induced
lung emphysema. To this end, wild-type mice were exposed to cigarette smoke for 4 months (three
cigarettes per day, 5 days a week). Afterwards mice received cigarette smoke for an additional 3 months
with concomitant apyrase (grade VI, 200 mL 4 ITU-mL ™" intraperitoneally) or vehicle (once daily, 5 days per
week). Similarly to the function of CD39, apyrase hydrolyses nucleoside triphosphates and diphosphates
including ATP and ADP. Lungs were isolated to analyse mean linear intercept and the internal surface area
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FIGURE 3 Inhibition of CD39 aggravates acute cigarette smoke-induced lung inflammation. Male C57BL/6 mice were exposed to air or the smoke of
five cigarettes on three consecutive days. 30 min before smoke exposure, animals received an intratracheal injection of either vehicle or the
CD39-inhibitor ARL 67156. 1 h after the last smoke exposure animals were killed and a) ATP concentrations; b) cytokine levels; and c) total with
differential cell counts were analysed in bronchoalveolar lavage fluid. Data are presented as meantsem; n=5 mice in each group. KC:
keratinocyte-derived chemokine; MIP: macrophage inflammatory protein; IL: interleukin. *: p<0.05 vehicle/smoke or ARL/smoke versus vehicle/air;
#. p<0.05 ARL/smoke versus vehicle/smoke.

of the lungs. As shown in table 3, administration of apyrase significantly decreased cigarette smoke-induced
lung emphysema. Apyrase treatment also suppressed pulmonary inflammation as shown by the decreased
BALF neutrophil and macrophage cell counts (fig. 5).

Discussion

Compelling evidence implicates an important role of the pulmonary ATP-P2 receptor axis in the pathogenesis
of cigarette smoke-induced lung inflammation and emphysema in mice and men [3, 5, 7]. Extracellular
pulmonary ATP levels are tightly regulated by the ectonucleotidase CD39/NTPDasel. Interestingly, CD39
deficiency has been linked to both decreased (e.g allergic airway inflammation) and increased airway
inflammation (such as in LPS-induced acute lung injury) [14, 20]. Here we demonstrate that expressions of
cellular CD39 (on BALF and sputum cells) as well as the activity of the soluble ectonucleotidase are elevated in
the airways of patients with COPD. Increased CD39 activity/expression is maintained in patients with COPD
even after smoking cessation. By using a translation mouse model, we can show that CD39 deficiency/inhibition
is associated with the aggravation of cigarette smoke-induced lung inflammation and emphysema, while
treatment of animals with exogenous CD39 rescues cigarette smoke-induced lung emphysema. Thus, our
findings suggest that CD39 in the lungs has been upregulated, probably in a direct compensatory manner to
dampen neutrophilic airway inflammation in COPD.

We previously demonstrated that cigarette smoke-induced lung inflammation in mice and humans is
associated with an increase in pulmonary ATP levels, which correlates with disease severity and airway
neutrophilia in COPD [3, 6]. It has also been shown that CD39 activity is decreased in tissue
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FIGURE 4 Cd39™~ mice display a more severe phenotype of acute and chronic cigarette smoke-induced lung inflammation and emphysema. a-c] Male
Cd39~~ mice and wild-type (WT) animals were either exposed to room air or smoke of five cigarettes on each of three consecutive days. 1 h after the
last smoke exposure animals were killed and bronchoalveolar lavage fluid was analysed for a) ATP concentration; b) the number and distribution of
cells; and c] cytokine content. Data are presented as meanzsem; n=5 mice in each group. d, e] Age-matched male Cd397~ or WT mice were exposed to
air or smoke of three cigarettes 5 days a week for four consecutive months. Animals were sacrificed and the d] mean linear intercept (Lm) and
e) internal surface area of the lungs (ISA) were measured (n=8 per group). KC: keratinocyte-derived chemokine; MIP: macrophage inflammatory
protein; IL: interleukin. *: p<0.05 air versus cigarette smoke exposure; #. p<0.05 smoke exposure of Cd39~"~ versus WT animals.
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TABLE 3 Effect of a soluble ectonucleotidase on the progression of cigarette smoke-induced
emphysema

Mean linear Internal surface
intercept mm area of the lungs cm?
Air 4 months 37.6x1.1 1223+85
Smoke 4 months 40.2+1.4* 1063+64*
Air 7 months 38.9+1.9 1194492
Smoke 7 months + vehicle 43421 47 995+18%
Smoke 7 months + apyrase 40.0£1.3* 116161

Data are presented as mean+sem. Air: exposure to room air; smoke: exposure to cigarette smoke; apyrase/
vehicle: treatment with apyrase (200 mL 4 IU-mL™" intraperitoneally) or vehicle in the last 3 months of
cigarette smoke exposure. *: p<0.05 air 4 months versus smoke 4 months; #: p<0.05 air 7 months versus
smoke 7 months + vehicle; *: p<0.05 smoke 7 months + apyrase versus smoke 7 months + vehicle.

compartments due to oxidative stress or pro-inflammatory cytokines such as tumour necrosis factor-o
[12, 13, 21]. Indeed, allergic airway inflammation is associated with a decrease in pulmonary CD39
expression [14]. Surprisingly, we found an increase in CD39 expression of inflammatory cells and soluble
ATPase activity in the airways of smokers and patients with COPD. Similar observations were also
reported in platelets after acute smoke exposure [22, 23]. However, in platelets an opposing effect of acute
cigarette smoke stimulation on ATP hydrolysing capacity has also been noted [24]. In our translational
mouse model, cigarette smoke exposure led to upregulation of CD39 in the lung tissue. Interestingly, a
similar upregulation was previously reported in a mouse model of lipopolysaccharide (LPS)-induced acute
lung injury (ALI) [20]. However, contradicting our observations, Kratzer et al. [25] reported that CD39
expression was significantly downregulated in lung tissue in rats exposed to second-hand smoke, and in
lung tissue from COPD patients. The difference in animal models (direct versus second-hand smoke) and
the compartmentalisation of the induction in CD39 activity in COPD patients (inflammatory cells versus
lung tissue) might explain these seemingly contradictory findings.

Neutrophils play an important role both in ALI and cigarette smoke-induced lung inflammation, and
binding of ATP to the P2Y, receptor is responsible for neutrophil activation and recruitment to the side of
inflammation [26]. Of note, it has been shown that CD39 regulates neutrophil recruitment [11] and
LPS-induced IL-8 production [5, 12]. Interestingly, we also observed a correlation between CD39 activity
and airway neutrophilia in COPD. Besides its essential role in activation of neutrophils, the ATP-P2
receptor axis also contributes to other fundamental pro-inflammatory cell functions, such as cell migration
and/or mediator production (e.g. matrix metalloproteinase-9, reactive oxygen species, tissue inhibitor of
metalloproteinase-1, IL-1B and IL-6) by macrophages, dendritic cells and airway epithelial cells [3, 6, 27],
known to be involved in the pathogenesis of COPD. The termination of ATP signalling by CD39 might be
followed by the generation of extracellular adenosine, and consequently P1 receptor signalling, as studied
by exhaled breath condensate measurements in COPD [28], which in many cases dampens acute
inflammation and lung injury [5]. In summary, considering the crucial role of the ATP-P2 receptor
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FIGURE 5 Effect of a soluble ectonucleotidase on cigarette smoke-induced chronic pulmonary inflammation. Male
wild-type animals were either exposed to room air or cigarette smoke for 7 months with apyrase treatment
(200 mL 4 IU-mL~" intraperitoneally) or vehicle in the last 3 months of cigarette smoke exposure. Bronchoalveolar
lavage fluid (BALF) was analysed for the number of macrophages and neutrophils. Data are presented as mean
+SEM. n=6 per group. *: p<0.05 smoke 7 months + apyrase versus smoke 7 months + vehicle; #: p<0.05 air
7 months versus smoke 7 months + vehicle.
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pathway in cigarette smoke lung inflammation, our results allow speculation that CD39 activity might be
upregulated as a consequence of smoke-induced inflammation to modulate ATP-induced lung damage.

This hypothesis is supported by our finding that pulmonary application of the CD39 inhibitor ARL-67156 in
wild-type mice significantly increases pulmonary ATP levels and aggravates acute cigarette smoke-induced
lung inflammation, as determined by the increase in neutrophil and macrophage counts as well as by elevated
levels of pro-inflammatory cytokines (IL-6, KC and MIP-2) in BALE. Accordingly, Cd39™"~ mice display
enhanced acute cigarette smoke-induced lung inflammation. These observations are in line with previous
reports demonstrating that CD39 deficiency aggravates pulmonary neutrophilia and lung damage in ALI [20],
while ARL-67156 treatment also intensifies allergic bronchospasm in guinea-pigs [29]. In addition, CD39 has
been shown to regulate the ATP-P2X7 receptor-mediated leukocyte migration/recruitment and IL-18
production by macrophages [30, 31]. Finally the ATP-CD39 axis is also involved in regulating cigarette
smoke extract-induced production of IL-8/-6 by airway epithelia in vitro (authors’ unpublished observation).

It is noteworthy that other soluble enzymes apart from CD39, namely pyrophosphatase/
phosphodiesterase-1 and adenylate kinase-1 are also involved in the metabolism of circulating ATP and
ADP in serum [32, 33]. However, we did not observe any substantive reconstitution of pulmonary ATP
metabolism in cell-free BALF supernatants from CD39-deficient animals exposed to cigarette smoke or air
(fig. 2b), but the function of membrane-bound enzymes in the lungs should still be explored. Nevertheless,
our data suggest a major role for soluble CD39/NTPDasel in the regulation of pulmonary ATP levels in
cigarette smoke-induced lung inflammation.

Thus we provide evidence that smoke exposure leads to compensatory upregulation of cellular and soluble
CD39 to alleviate cigarette smoke-induced lung inflammation. This observation is further supported by
our histological findings that CD39 deficiency is accompanied by more severe emphysema in the model of
chronic smoke exposure. In a similar manner to airway inflammation, a more severe form of colitis and
aggravated hypoxic/ischaemic injury were reported in the CD39-deficient mouse [34, 35].

Finally, we demonstrate that apyrase, a functional analogue of CD39, limits the development of lung
emphysema in mice with established cigarette smoke-associated lung inflammation. A similar beneficial
effect of exogenous ATPase treatment has been reported for other inflammatory conditions, such as
allergic airway inflammation and bronchospasm [18, 29], graft versus host disease [36] or colitis [37].
Despite all the limitations of such animal models, these data further strengthen our assumption that CD39
plays a protective role in cigarette smoke-associated lung inflammation and in COPD.

Our study also has limitations. NTPDasel/CD39 is expressed in human epithelial cells, playing a role in
the regulation of leukocyte infiltration [38]. In the human study we measured CD39 expression and
ATPase activity in sputum and BALF inflammatory cells, but not in airway epithelium. However, in the
murine model we clearly show that ATPase activity in lung tissue is heightened after smoke exposure,
which suggests that airway epithelium is involved in the regulation of airway ATP in smoking control
subjects. This needs further clarification by ex vivo studies on human bronchial epithelial cell cultures. We
also acknowledge that the COPD patients were older than the control subjects. Nonetheless, no correlation
between age and CD39 expression was observed in normal circulating leukocytes [39]. Lastly, apyrase, a
soluble ATPase, was administered intraperitoneally in the murine model of chronic smoke exposure;
therefore, besides pulmonary function, its protective role on the development of emphysema may also
reflect apyrase activities in the systemic circulation.

In summary, we demonstrate that CD39 functionality is enhanced in cigarette smoke-induced airway
inflammation in humans and mice and may play a compensatory role in this setting, as null mice suffer
more severe injury. More importantly, treatment with soluble CD39 ameliorates the development of
cigarette smoke-induced emphysema. Our findings further underline the significance of P2 receptor
signalling in the pathomechanism of COPD, which can be modulated beneficially by therapeutic agents
targeting ATP hydrolysis.
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