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Take home message 

rhCCSP prevents airway neutrophilia. This might occur via a direct neutralization of IL8 in 

humans.  



Abstract 

CCSP knockout mice exhibit increased airway neutrophilia, as found in COPD. We therefore 

investigated whether treating COPD airway epithelia with rhCCSP could dampen exaggerated 

airway neutrophilia. 

Control, smoker and COPD Air-Liquid Interface (ALI) cultures exposed to Cigarette Smoke 

Extract (CSE) were treated with and without rhCCSP. The chemotactic properties of their 

supernatants were assessed by Dunn chambers. Neutrophil chemotaxis along rhIL8 gradients 

(with/without rhCCSP) was also determined. rhCCSP-rhIL8 interactions were tested through 

co-immunoprecipitation, Biacore-Surface Plasmon Resonance (SPR) and in silico modelling. 

The relationship between CCSP/IL8 concentration ratios in the supernatant of induced sputum 

from COPD patients versus neutrophilic airway infiltration assessed in lung biopsies was 

assessed. 

Increased neutrophilic chemotactic activity of CSE-treated ALI cultures followed IL8 

concentrations and returned to normal when supplemented with rhCCSP. rhIL-8 induced 

chemotaxis of neutrophils was reduced by rhCCSP. rhCCSP and rhIL8 co-

immunoprecipitated. SPR confirmed this in vitro interaction (KD = 8µM). In silico modelling 

indicated that this interaction was highly likely. CCSP/IL8 ratios in induced sputum correlated 

well with the level of small airway neutrophilic infiltration (r²=.746, p<.001). 

CCSP is a biologically relevant counter-balancer of neutrophil chemotactic activity. 

Altogether, these different approaches suggest that among the possible mechanisms involved, 

CCSP may directly neutralize IL8. 

Keywords: Club Cell Secretory Protein (CCSP), Club Cell 10 (CC10), IL8, neutrophils, 

Chronic Obstructive Pulmonary Disease (COPD), Cigarette Smoke Extract (CSE), Airway 

epithelium. 
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Introduction 

Imbalance between injury and repair universally trends with inflammatory processes. 

Exaggerated neutrophilic influx hallmarks most chronic airway diseases such as neutrophilic 

asthma, cystic fibrosis, idiopathic pulmonary fibrosis and Chronic Obstructive Pulmonary 

Disease (COPD)[1], a growing cause of morbidity and mortality worldwide. In addition, 

increased neutrophilic inflammation is characteristic of patients with severe disease [2] or 

with acute exacerbations [3]. Airway neutrophilia is associated with an accelerated decline in 

lung function [4, 5] and with the severity of peripheral airway dysfunction in COPD [6, 7]. 

Chemotaxis, a process whereby cells migrate according to a chemical concentration gradient, 

critically mediates neutrophil recruitment in tissue [8]. Neutrophils express multiple 

chemoattractant receptors and can be sensitive to individual gradients or combinations 

thereof. Several chemoattractants for neutrophils are increased in the bronchial secretions of 

COPD patients. The most abundant and studied are interleukin (IL)8 and leukotriene B4 [9, 

10]. These chemokines bind to neutrophil CXCR1/CXCR2 and BLT1 GPCR, respectively, to 

amplify cell recruitment [11]. Past in vitro studies often employed N-Formyl-L-methionyl-L-

leucyl-L-phenylalanine (fMLP) due to its highly potent chemoattractant ability, which ligates 

with neutrophil formyl peptide receptors (FPRs) [12]. COPD neutrophils, relative to those 

from healthy patients, have been demonstrated to be disoriented, migrating faster but with less 

accuracy [13]. 

Interestingly, the Club Cell Secretory Protein (CCSP, CC10 or SCGB1A1) produced by non-

ciliated club cells is known to have immunoregulatory and anti-inflammatory functions [14-

17], but the mechanisms of action remain largely unknown in the absence of an identified 

specific receptor. CCSP is defective in COPD airways [17-19]. Appropriately, Laucho-

Contreras et al. demonstrated that increased lung neutrophilia was observed in CCSP
-/-

 mice 



exposed to cigarette smoke, as seen in COPD airways. Moreover, this could be rescued by 

exogenous CCSP supplementation [18]. 

The exact mechanisms by which CCSP mediates its anti-inflammatory activities, including 

whether or not it binds to a receptor, have not yet been determined. To date, its paracrine 

signalization is unknown and remains hypothetical. Of note, CCSP levels are known to be 

reduced in sera, sputum and bronchoalveolar lavage fluid from COPD patients. Furthermore, 

two studies demonstrated that serum CCSP levels predict accelerated lung function decline 

[20, 21]. 

We hypothesized that injury/repair imbalance may explain exaggerated airway neutrophilia 

and CCSP defects could be involved in this process in COPD patients. Our aim was to test 

whether rhCCSP interacts with airway neutrophilic influx in a human model of COPD, and 

whether this interaction was due to an effect of CCSP on the airway epithelial cells or due to 

an endogenous IL8 binding counter-balancer. For this purpose, Air-Liquid Interface (ALI) 

cultures of epithelial cells were treated with rhCCSP (exposed to Cigarette Smoke Extract 

(CSE) or not). The collected supernatants were used to assess neutrophilic chemotaxis. 

Furthermore, neutrophils were directly exposed to chemotactic agents and treated with 

rhCCSP. Their chemotactic parameters were also assessed. Finally, we developed an in vitro 

three-step demonstration of CCSP-IL8 direct binding, and sought possible converging 

evidence of the relationship between CCSP and IL8 in lung airways. 

  



Materials and methods 

Epithelial cell cultures and stimulation 

Bronchial biopsies from control subjects (n = 4), smokers (n = 10), and COPD patients 

(n = 13) were collected during surgery. Subjects were recruited at the Arnaud de Villeneuve 

Hospital, Montpellier, France. The local ethics committee, Comité de Protection des 

Personnes Sud-Mediterranée III, approved the study design (approval number: 2013 11 05; 

NCT02354677) and all patients agreed to participate by reading and signing written informed 

consent forms. 

Human primary bronchial epithelial cells (HBECs) were cultured under Air-Liquid Interface 

(ALI) conditions, adapted from Gras et al. and Gamez et al. [17, 22]. Details on this method 

are available in the online supplement. Cells from bronchial biopsies of 4 control subjects, 10 

smokers, and 13 COPD patients were maintained in culture for 28 days to obtain a 

differentiated cell population with a pseudostratified mucociliary epithelium. Cells were 

treated for 24 hours with or without cigarette smoke extract (CSE) and with or without 

rhCCSP supplementation (3µg/ml), applied at the apical surface. The supernatants were 

collected by washing the apical surface and stored until used for neutrophil experiments and 

CCSP/IL8 ELISA test (Biovendor/Diaclone). 

Cigarette smoke extract (CSE) 

CSE was prepared as previously described [17]. Briefly, the smoke of 3 commercial cigarettes 

(Marlboro®) was withdrawn into a Pasteur pipette and bubbled into 30 ml of PBS. CSE was 

adjusted to pH 7.4 and sterilized through a 0.22µm filter. We obtained a 100% stock solution 

of CSE diluted to 50% for the experiments. 

Isolation of peripheral blood neutrophils 



Neutrophils were isolated from the whole blood of 5 healthy control subjects and 5 COPD 

patients (approval number: 0811738) using discontinuous Percoll gradients followed by 

hypotonic lysis of residual red blood cells [23]. The neutrophils (purity at 95% and viability 

assessed by trypan blue exclusion of dead cells, at 95%) were re-suspended in RPMI 1640 

medium containing 0.15% bovine serum albumin. 

Neutrophil chemotaxis assays and analyses 

The chemotaxis assays were performed using Dunn chambers [24]. Details on this method are 

available in the online supplement. Chemotaxis was quantified using the XFMI value, which 

is the ratio of the distance travelled during the acquisition and the final position of the 

neutrophils on the x-axis in the direction of the chemoattractant gradient. 

ImageJ software was used to track cells and analyse chemotaxis. All analyses were performed 

by a single analyst, blinded to the subject group. 

Basically, three sets of assays were performed. Supernatants gathered by a brief wash at the 

apical side of ALI cultures of airway epithelial cells at baseline first and treated in each of the 

above-mentioned conditions second, were applied in the outer ring and neutrophil chemotaxis 

from both controls and COPD patients was assessed. Third, only pharmacological agents 

separately or combined were applied in the outer ring in order to delineate whether the 

observed results in the first set of assays could be modulated and reproduced without any 

epithelial interaction. 

Co-immunoprecipitation 

To detect whether a potential interaction exists between CCSP and IL8, co-

immunoprecipitation and immunoblotting were performed using anti-Protein A Sepharose 4 

Fast Flow magnetic beads (GE Healthcare). Details on this method are available in the online 



supplement. All immunoblots were developed and quantified by using the Odyssey Infrared 

Imaging System (LICOR Biosystems) and infrared-labelled secondary antibodies. 

 

BIACORE measurements 

Real-time Surface Plasmon Resonance (SPR) analyses were performed on a Biacore T200 

apparatus (GE Healthcare, Uppsala Sweden) at 25°C, in HBS-EP+ buffer (10mM Hepes, 

150mM NaCl, 3 mM EDTA, 0.05% Polysorbate 20 surfactant). rhCCSP, diluted at 10µg/ml 

in 10mM acetate pH4, was covalently immobilized at 2400 RU on a CM5S sensor chip (GE 

Healthcare) using an amine coupling protocol according to the manufacturer’s instructions. 

Kinetic titration experiments (single-cycle kinetics) of IL8 were performed at a flow rate of 

100µl/min with two-fold serial dilutions (62nM-1000nM). All curves were evaluated 

(T200Evaluation Software 3.0) after double–referencing subtraction using a bivalent fitting 

model. This experiment was repeated with a new immobilization of rhCCSP with a similar 

result. 

3D protein modelling and protein-protein docking 

A homology model of the homo sapiens (hs)CCSP homodimer has been generated according 

to the crystal structure of the rabbit ortholog (PDB: 2UTG), using the software Modeller [25]. 

The protein-protein docking server ZDOCK[26] was used with blind docking parameters to 

explore the putative interaction between the 3D homology model of hsCCSP and the 

experimental human IL8 structure (PDB: 3IL8). 

Surgical lung samples and induced sputum collection 

A cross-sectional cohort of 10 COPD patients undergoing surgery for peripheral nodules was 

recruited after patients were informed and signed an informed consent form. This study was 



approved by an ethics committee (Comité de Protection des Personnes de Nimes; AOI 2000, 

CPP 000901, DGS 2001/0075). Both CCSP and IL8 concentrations were assessed in the 

induced sputum of patients 3 to 5 days before they underwent lung surgery. Surgical lung 

samples were optimally processed to allow for quantification of Neutrophil Elastase (NE) 

positive cells in the submucosal area of small airways at a maximum depth of 100 µm beneath 

the basement membrane. Methodological details are available in the online supplement. 

Statistical analysis 

Details on statistical analysis are available in the online supplement. 

 

  



Results 

COPD airway epithelia attracted neutrophils 

Dunn chemotaxis chambers were filled with ALI-epithelial supernatants. Figure 1A displays 

representative examples of healthy and COPD neutrophil migratory tracks induced by 

supernatants from ALI-reconstituted-airway-epithelia derived from healthy controls, smokers 

and patients with COPD. Consistent with our previous observations, fMLP was confirmed as 

a positive control, and PBS as a negative one (p < 0.0001, indicated by stars, dark columns) 

(Figure 1B). Although epithelial supernatants from all groups increased neutrophil chemotaxis 

(indicated by stars), only neutrophil chemotaxis induced by COPD supernatants was 

significantly higher than that induced by control supernatants (p = 0.0012, indicated by a hash 

sign (#)) (Figure 1B). Neither CCSP nor IL8 concentrations were measured in this set of 

assays. 

Treating the airway epithelium with rhCCSP prevents neutrophil chemotaxis when exposed to 

CSE to an extent that fits with CSE-induced IL8 release 

We further focused on whether treating CSE exposed-COPD airway epithelia with rhCCSP 

could reduce exaggerated neutrophil influx. As expected, smoker and COPD epithelia 

exposed to CSE increased neutrophil chemotaxis (Figures 2A and 2B). When smoker and 

COPD airway epithelia were exposed to CSE, we observed for the first time on human cells 

that rhCCSP prevented neutrophil chemotaxis, which returned nearly to baseline values 

(p < 0.0001 and p = 0.0035, respectively) (Figures 2A and 2B). IL8 and CCSP concentrations 

in the supernatants were assessed (Figures 2C and 2D, supplemental Figure 1). In this set of 

experiments, CSE tended to induce IL8 release, but without differences between smokers and 

COPD. Similar chemotactic measures were obtained with neutrophils from COPD patients 

(Supplemental Figure 2). It should be noted that XFMI was used to represent neutrophil 

chemotaxis in our study, except for COPD neutrophils. Since the latter are disoriented 

(according to the literature[13]), considering the distance travelled by the neutrophils was a 



more appropriate measure for demonstrating that rhCCSP had the same effect on COPD 

neutrophils as on healthy neutrophils. 

rhCCSP directly inhibited neutrophil chemotaxis induced by rhIL8 and by fMLP 

Neutrophil migration along the fMLP gradient was reduced by rhCCSP (p < 0.0001 for the 

XFMI) but not along the rhIL8 gradient (Figure 3A). Likewise, no CXCR1/2 inhibitor effects 

were observed (Figure 3A). Since XFMI is the ratio of the distance travelled during 

acquisition and the final neutrophil positions on x-axis in the direction of the chemoattractant 

gradient, we analysed these parameters (i.e. the so called X endpoints and the distance 

travelled). Interestingly, the final position of healthy neutrophils in the presence of rhCCSP 

was significantly delayed in the direction of the rhIL8 gradient (p = 0.028) to a similar extent 

as found for the CXCR1/2 inhibitors (Figure 3B), but these neutrophils travelled shorter 

distances (p < 0.0001) (Figure 3C). When performed with neutrophils from COPD patients, 

rhIL8-induced neutrophil chemotaxis, as assessed by XFMI (p < 0.0001), X endpoints 

(p < 0.0001) and the distance travelled (p < .0001) were both inhibited by rhCCSP 

(Supplemental Figures 3A, 3B and 3C). 

rhCCSP and rhIL8 had a direct interaction 

The hypothetical direct rhCCSP-rhIL8 interaction was evaluated by co-immunoprecipitation 

with anti-IL8 antibodies followed by anti-CCSP antibody blotting. We found that rhCCSP co-

immunoprecipitated with rhIL8 (Figures 4A and 4B). The reverse demonstration was 

performed (Figures 4A and 4C) and confirmed this interaction. This finding was validated by 

SPR analyses using single-cycle kinetics without regeneration (Figure 4D). Accordingly, we 

determined an equilibrium dissociation constant (KD) of 8 µM. Three-dimensional (3D) 

protein modelling and protein-protein docking were performed in order to illustrate the 

molecules’ in silico compatibility (Figure 4E). The docking results of ZDOCK demonstrated a 

set of Homo sapiens (hs) CCSP-hsIL8 complex structures, where the 5 top-ranked predictions 



(selected based on the internal ZDOCK scoring function) adopted similar conformations. 

Given the known binding of IL8 to CXCR1/2 on neutrophils, we next compared both binding 

sites. The superimposition of the hsCCSP-hsIL8 complex model with the experimental 

structure of hsCXCR1(C-terminal part)/hsIL8 complex (1ILP) showed that CXCR1 and 

CCSP would be located in the same area. 

The small airway wall infiltration by neutrophils negatively correlated with the CCSP/IL8 

ratio measured in the induced sputum of COPD patients undergoing surgery. 

In order to verify whether these findings are observable in vivo, neutrophilic infiltration of the 

small airway wall of COPD patients was quantified in human lung samples obtained during 

surgery. These results were confronted with the CCSP/IL-8 ratio assessed in the induced 

sputum collected before the surgery. The level of this negative correlation was as high as 

0.746 (Figure 5), indicating a greater intensity of neutrophilic infiltration when the CCSP/IL8 

ratio was low and vice versa. 

  



Discussion 

In this study, we found that the airway epithelium of COPD patients reconstituted using ALI 

kept one important feature of the disease [17] as it exerted an increased neutrophilic 

chemotactic activity at steady state: CSE-induced IL8 release by these epithelia obtained from 

either smokers and COPD was reduced by exogenous rhCCSP supplementation. The latter 

was true for the neutrophils of both controls and COPD patients, which is important 

considering the disorientation shown to affect COPD neutrophils [13]. Because rhCCSP 

reduced both fMLP and rhIL8-induced chemotaxis irrespective of the presence of the airway 

epithelium in a magnitude similar to a CXCR1/2 antagonist, we strove to find evidence that 

rhCCSP could bind to rhIL8. We developed in vitro (through two way co-

immunoprecipitation and Biacore SPR method), in-silico and in vivo assays indicating 

convergent support for the observed correlation between CCSP/IL8 ratios in induced sputum 

versus levels of neutrophilic airway infiltration. 

The development of COPD treatments is probably the greatest challenge for respiratory 

medicine for the next twenty years. The role played by airway inflammation is unclear at 

steady state, but neutrophilic bursts (associated with exacerbation episodes) are the 

established culprits of irreversible “stair-shaped” decline [27]. The role played by the only 

“bronchiolar-specific” epithelial cell type, the club cell, is emerging as a potential regulator of 

these pathogenic COPD features [16, 17, 28]. We and others were able to establish their role 

at the interface between structural alterations and inflammation, with possible modifications 

according to smoking status. In particular, serum CCSP levels are decreased in COPD and 

restoring their normal values decreased CSE-induced-IL8 and LPS-induced-MUC5AC [17, 

29]. Indeed, though rhCCSP appears ready to be tested in humans, major knowledge gaps 

concerning its mechanisms of action should be filled [30]. 



Different approaches have been previously used to assess CCSP effects on neutrophils in 

animals. In an equine model, incubating neutrophils with rhCCSP significantly reduced their 

respiratory oxidative bursts and increased their phagocytic activity [31]. Furthermore, 

neutrophil counts were increased in the bronchoalveolar lavage of CCSP
-/-

 mice exposed to 

cigarette smoke for 6 months [18]. With our human model, we assessed neutrophil 

chemotaxis in Dunn Chambers using rhIL8 and fMLP as controls, and ALI epithelium 

supernatants. Using epithelial supernatants made sense because physiologically, chemokines 

are also secreted by bronchial epithelial cells in order to attract neutrophils within the 

bronchial airway lumen [32]. These chemotactic chambers have the advantage of not being 

affected by gravity (e.g. compared to Boyden chambers), which is important for this model. 

Sapey et al. first used this model to demonstrate that neutrophil chemotactic responses were 

different in COPD compared to healthy subjects [13]. Our initial results suggest that COPD 

airway epithelia are exerting an increased neutrophilic chemotaxis at steady state. 

Interestingly, CSE exposure increased this chemotactic activity both in smokers and COPD 

and could be prevented by treating the epithelium with rhCCSP. We failed to pinpoint the 

intracellular signalling pathway involved. The small quantity of proteins extracted through 

ALI cultures on filters did not enable western blot analysis of changes in NF-κB p65 subunits. 

NF-κB inhibition was suggested as a possible CCSP target by Laucho-Contreras, [18] 

whereas Tokita [29] alternatively mentioned ERK1/2. CCSP is also known as a specific PLA2 

inhibitor, but this is highly controversial in the literature [18, 33]. Surprisingly, COPD airway 

epithelia in the present assays were not very high IL8 producers when exposed to CSE. The 

heterogeneity of COPD may at least partially explain this finding. In any case, the 

chemotactic activity measurements fit with the IL8 concentrations and supported our overall 

interpretation of the findings. 



Pharmacologically, neutrophil chemotaxis was increased by fMLP and rhIL8, and there again 

rhCCSP was efficient in reducing this activity. Candidate mediators of neutrophil chemotactic 

activity, such as LTB4 or GROα, can be found in the literature [34, 35]. rhCCSP may act 

through those different mechanisms. It also suggests that rhCCSP interferes with neutrophilic 

chemotaxis not only via an epithelial effect, such as decreased IL8 signalling mimicked by 

CXCR1/2 antagonism, but also through FPR2 as suggested by Vasanthakumar et al [36] and 

probably, given the unspecific effects of CSE, through broader interactions. Because this 

pharmacological modulation could be obtained irrespective of the presence of the airway 

epithelium, we strove to evidence whether rhCCSP could directly neutralize IL8. 

Over twenty years ago, a striking property was identified for CCSP: the presence of a 

hydrophobic pocket that binds airway pollutants [37, 38]. Indeed, our in silico experiments 

not only showed that hsCCSP directly binds hsIL8, but hsCCSP also seemed to interact with 

hsIL8 through the same binding site at CXCR1. As a consequence, CCSP and CXCR1 most 

likely compete with each other for IL8 binding (suggesting that IL8 can either bind CCSP or 

CXCR1, but not both at the same time). A treatment with an antagonist of CXCR2 (another 

IL8 receptor) led to significant improvement in FEV1 in patients with COPD, suggesting 

clinically important anti-inflammatory effects associated with CXCR2 antagonism [39]. Such 

results further support that CCSP is a credible therapeutic strategy. We hypothesized that 

rhCCSP could directly trap rhIL8. Co-immunoprecipitation assays were reproduced twice and 

bi-directionally. By SPR, an up-to-date real-time and label-free technology [40], the direct 

interaction of rhIL8 on immobilized rhCCSP has been measured from dose-response curves 

(KD =8 µM). Whether these rhCCSP-rhIL8 complexes are biologically active or not is 

difficult to address. The reality of this interaction with non recombinant protein remains to be 

demonstrated. 



In vivo, we observed a statistically significant relationship between the intensity of the 

neutrophilic airway inflammation in the small airway of COPD patients and the CCSP/IL8 

ratio measured in the induced sputum collected just before the lung surgery. Although 

inconclusive and not evidencing any kind of causality, this observation is convergent with the 

hypothesis. Once again, we acknowledge that this convergence shouldn’t be over-interpreted. 

In conclusion, this study confirms that ALI reconstituted COPD airway epithelia exert an 

increased neutrophilic chemotactic activity and that rhCCSP is likely able to prevent airway 

neutrophilia in humans. We suggest that multiple mechanisms of action exist, including the 

possibility of direct IL8 neutralization. A therapeutic strategy that limits airway neutrophilia 

must simultaneously address potential infection risks. Compared to CXCR1/2 blockades that 

induced systemic neutropenia, rhCCSP has the potential, due to its bronchial specificity, to 

have a narrower compartment target and subsequently tighter regulation of neutrophilia. 
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Figure 1: At steady state, ALI-reconstituted COPD airway epithelia maintained in a 

clean environment promoted an exaggerated neutrophilic chemotaxis. 

A: Representative examples of healthy neutrophil migratory tracks induced by supernatants of 

ALI-reconstituted airway epithelium derived from a healthy control, a smoker and a patient 

with COPD. The last picture represents COPD neutrophil migratory tracks induced by COPD 

ALI supernatant epithelial cell cultures. The large red arrow at the right side of each picture 

represents the chemoattractant signal (30 minutes of phase time-lapse recordings). 

B: The XFMI of healthy neutrophils on fMLP- and epithelial supernatant-gradients (control 

subjects n=4, smoker subjects n=3, COPD patients n=5). Epithelial supernatants from all 

groups increased neutrophil chemotaxis. COPD supernatants attracted neutrophils 

(p = 0.0012). 

Approximately 100 tracked neutrophils by condition. Data were expressed as means ± SEM. 

Paired comparisons were made using Mann-Whitney tests. Significant differences compared 

to controls were indicated by stars. Hash signs (#) indicate significant differences between 

compared groups. 

  

Figure 2: Treating the airway epithelium with exogenous CCSP prevented CSE-induced 

neutrophil chemotaxis. 

A: The XFMI of healthy neutrophils on a gradient of smoker ALI supernatants (n=7) 

stimulated by CSE with or without CCSP supplementation. CSE increased neutrophil 

chemotaxis (p < 0.0001). CCSP inhibited neutrophil chemotaxis when epithelia were exposed 

to CSE (p < 0.0001). 



B: The XFMI of healthy neutrophils on a gradient of COPD ALI supernatants (n=8) 

stimulated by CSE with or without CCSP supplementation. CSE increased neutrophil 

chemotaxis (p = 0.0056). CCSP inhibited neutrophil chemotaxis when epithelia were exposed 

to CSE (p = 0.0035). 

Approximately 100 tracked neutrophils by condition. Data were expressed as means ± SEM. 

Paired comparisons were made using Mann-Whitney tests indicated by hash signs (#). 

C and D: CSE-induced IL8 secretion by epithelial cells from smokers (n=7) and COPD 

patients (n=8), with or without CCSP supplementation. CSE tended to increase IL8. CCSP 

supplementation had no effect on IL8 secretion. 

 

Figure 3: Stimulated-neutrophil migration was slowed down by CCSP. 

A: The XFMI of healthy neutrophils on fMLP- or IL8- gradients with or without CCSP and 

with or without CXCR1/2 inhibitors. CCSP inhibited the chemotaxis of neutrophils stimulated 

by fMLP (p < 0.0001), but no difference was observed for IL8-induced neutrophil 

chemotaxis. No effects associated with CXCR1/2 inhibitors were observed. 

B: The X endpoints of healthy neutrophils on fMLP- or IL8- gradients with or without CCSP 

and with or without CXCR1/2 inhibitors. fMLP was confirmed as a positive control and PBS 

(“Control”) as a negative one (p < 0.0001). CCSP inhibited the movement of neutrophils in 

the direction of the fMLP-gradient (p < 0.0001), and in the direction of the IL8-gradient 

(p < 0.0001) to a similar extent as found for CXCR1/2 inhibitors. 

C: The distance travelled by healthy neutrophils on fMLP or IL8- gradients with or without 

CCSP and with or without CXCR1/2 inhibitors. CCSP inhibited the movement of neutrophils 

induced by the fMLP-gradient (p = 0.0005) and the IL8-gradient (p < 0.0001). 



Approximately 100 tracked neutrophils by condition. All conditions were reproduced three 

times. Data were expressed as means ± SEM. Paired comparisons were made using Mann-

Whitney tests. Significant differences compared to controls were indicated by stars. Hash 

signs (#) indicate significant differences between compared groups. 

 

Figure 4: In vitro, CCSP interacted with IL8. 

A: Western Blot of IL8 immunoprecipitation detected with CCSP antibodies. Lane 1: negative 

control. Lane 2: positive controls (rhIL8+rhCCSP). Lane 3: rhIL8 immunoprecipitated with 

CCSP detected with CCSP antibodies (red band). rhCCSP immunoprecipitated with IL8 

detected with IL8 antibodies (green band). 

B, C: Graphs of CCSP immunostaining intensity of the IL8 immunoprecipitation and IL8 

immunostaining intensity of the CCSP immunoprecipitation. No error bars are shown because 

the immunoprecipitation was performed once and then (c) reproduced with the inverse 

relationship. 

D: Single-cycle kinetics of IL8 on immobilized CCSP: two-fold serial dilutions (62nM-

1000nM) are injected on immobilized CCSP at a flow rate of 100µl/min with a contact time 

of 60s and 400s of dissociation after the last injection. The dotted line represents the fitting 

curve using a bivalent model. Ka1 (1/Ms) = (2.36+/-0.06) x10
+3

; Kd1 (1/s) = (1.89+/-0.04) 

x10
-2

; KD1 (M) = 8.02x10
-6

; Chi² (RU²) = 0.675. 

E: Superimposition of the hsCCSP-hsIL8 complex (in red) with the experimental structure of 

hsCXCR1 (C-terminal part)/hsIL8 complex (PDB: 1ILP; CXCR1 in green and IL8 in blue). 

 



Figure 5: The small airway wall infiltration by neutrophils negatively correlated with the 

CCSP/IL8 ratio measured in the induced sputum of COPD patients undergoing surgery. 

Correlation between the neutrophilic infiltration of the small airway wall of COPD patients 

(n=10) and CCSP/IL8 ratio in their induced sputum collected before the surgery. The level of 

this negative correlation was as high as 0.75, indicating a greater intensity of neutrophilic 

infiltration. 
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Supplementary Methods 

Chemotaxis assay and analysis 

The chemotaxis assays were performed using Dunn chambers [24]. Peripheral neutrophils 

were placed on a coverslip and incubated for 20 min at 37°C. The coverslip was placed 

inverted onto the Dunn chamber. This slide comprises a bridge separating inner and outer 

concentric rings. The outer circle was filled with the studied solution. Subsequently, 

neutrophil chemotaxis along the chemoattractant gradient was observed on the bridge. 

Healthy neutrophil chemotaxis phenomena were studied using a negative control (PBS), a 

positive control (fMLP), and cell supernatants with or without previous stimulation, or with 

drugs alone. One part of the bridge region was filmed and snapshots were acquired at 1-min 

intervals during 30 min using a Zeiss inverted microscope equipped with a 20x objective. 

Chemotaxis was quantified using the XFMI value, which is the ratio of the distance travelled 

during the acquisition and the final position of the neutrophils on the x-axis in the direction of 

the chemoattractant gradient. 

ImageJ software was used to track cells and analyse chemotaxis. All analyses were performed 

by a single analyst, blinded to the subject group. 

Cell culture 

Human primary bronchial epithelial cells (HBECs) were cultured under Air-Liquid Interface 

(ALI) conditions, adapted from Gras et al. and Gamez et al. [17, 22]. Bronchial epithelial cells 

from 4 control subjects, 10 smokers, and 13 COPD patients were mechanically dissociated 

and suspended in Bronchial Epithelial Growth Medium (BEGM). After seeding in multiwell 

plates coated with a solution of fibronectin and collagen, cells were expanded in a flask (0.75 

cm2) and then plated (250,000 cells per well) on uncoated nucleopore membranes in a 1:1 

mixture of BEGM and Dulbecco Modified Eagle Medium (DMEM) applied at the basal side 



 

only to establish the ALI. Cells were maintained in culture for 28 days to obtain a 

differentiated cell population with a pseudostratified mucociliary epithelium. Cell cultures 

were maintained at 37°C under 5% CO2. Cells were treated for 24 hours with or without 

cigarette smoke extract (CSE) and with or without CCSP supplementation (at the 

physiological concentration of 3µg/ml according to Gamez et al., Chest, 2015), applied at the 

apical surface. The supernatants were collected and stored until used for neutrophil 

experiments and CCSP/IL8 ELISA test (Biovendor/Diaclone). 

Reagents and antibodies 

Recombinant human (rh)CCSP and anti-CCSP antibody were purchased from Biovendor 

(Brno, Czech Republic). rhIL8 and fMLP were purchased from Sigma-Aldrich. Anti-IL8 

antibody was purchased from Santa Cruz. Anti-CXCR1 antibody was purchased from R&D 

systems and CXCR2 inhibitor from Tocris. 

Co-immunoprecipitation 

To detect whether a potential interaction exists between CCSP and IL8, co-

immunoprecipitation and immunoblotting were performed using anti-Protein A Sepharose 4 

Fast Flow magnetic beads (GE Healthcare). Briefly, mouse anti-human IL8 antibodies were 

used to immunoprecipitate rhIL8 and rhCCSP. If rhIL8/rhCCSP bound covalently, a complex 

will be formed and will attach to anti-IL8 antibodies. To confirm our results, rabbit anti-

human CCSP antibodies were also used to immunoprecipitate the rh proteins. The immune 

complexes were incubated with anti-Protein A Sepharose magnetic beads and captured on a 

magnetic beaded support to immobilize them. Any proteins not precipitated on the beads were 

washed away. Finally, the complexes were recovered, denatured and analysed by SDS-PAGE 

gel electrophoresis and Western blotting. The amount of rhIL8/rhCCSP that co-

immunoprecipitated with anti-IL8 antibodies was determined from immunoblots developed 



 

with anti-CCSP antibodies (1:500). Inversely, the amount of rhIL8/rhCCSP that co-

immunoprecipitated with anti-CCSP antibodies was determined from immunoblots developed 

with anti-IL8 antibodies (1:500). Rh proteins without antibody were used as a negative 

control. A solution of rhCCSP/rhIL8 was used as a positive control for CCSP and IL8 

expressions. All immunoblots were developed and quantified by using the Odyssey Infrared 

Imaging System (LICOR Biosystems) and infrared-labelled secondary antibodies. 

Surgical lung samples and induced sputum collection 

10 COPD patients scheduled for lung removal because of small peripheral lung lesions 

consented to participate in this study (AOI 2000, CPP 000901, DGS 2001/0075). All adequate 

samples were collected 3 to 5 days before surgery according to international guidelines and 

processed for analyses (Djukanovic et al., Eur Respir J Suppl , 2002). Before sputum 

induction, all subjects underwent spirometry before and 10 min after inhalation of 200 μg 

salbutamol by metered-dose inhaler. Hypertonic saline was nebulised with an ultrasonic 

nebuliser (DP 100 Syst’am; Paris, France). This nebuliser generates particles with a mean 

mass aerodynamic diameter of 4.5 μm and has an output of 2.4 mL·min
−1

. Subjects inhaled 

hypertonic saline solution for 5-min periods up to 30 min, and were asked to rinse their mouth 

out with water before induction to avoid salivary contamination. The concentration of saline 

was increased, if possible, at intervals of 10 min (two nebulisations of each concentration) 

from 3% to 4% to 5%. Spirometry was repeated at 5-min intervals throughout the procedure 

and immediately after sputum induction was completed. At the end of the test, a nebulisation 

with bronchodilators was given. 

The concentration of saline was not increased if the FEV1 fell by 10% or more from the post-

bronchodilator value. Sputum induction was discontinued if the FEV1 declined >20% or if 

troublesome symptoms occurred (i.e., dyspnoea, wheezing, severe cough). Selected sputum 

plugs from saliva were then analysed. The volume of the induced sputum plugs was 



 

determined and overlaid with an equal volume of 0.1% dithiothreitol (Sputalysin 10%; 

Behring Diagnostics Inc., Somerville, NJ, USA). The sample was then vortexed and placed in 

a shaking water bath at 37°C for 30 min. The homogenised sample was centrifuged (GR4.22; 

Jouan, St Herblain, France) at 2,000 rpm (400 × g) for 10 min. The supernatant was aspirated 

and frozen at −80°C for later analysis. ELISA tests were used in order to assess CCSP 

(Biovendor) and IL-8 (Diaclone) after adequate dilution of the samples (1:1000 and 1:2). 

Lung histology 

At the time of surgery, a lung slice at distance from the neoplastic lesion was provided by the 

surgeon. It was first inflated with a needle mounted on a syringe and then fixed by immersion 

in formalyn 4% then embedded in paraffin. Samples of fixed tissue were processed into 

paraffin blocks, cut into sections that were 4 to 5 micrometers thick, and placed on glass 

slides. Blocks were fully cut until exhausted in order to reach at least 6 airways per patient. 

Hematoxylin eosin staining was used to perform small airway morphometry analysis. Briefly, 

adequately orientated small airways were delineated using an image analyzer (AnalySIS 7.2 

for Windows, Olympus Soft Imaging Solutions, Muenster, Germany) linked to a CCD camera 

(Sony DXC950P, Sony Group, Tokyo, Japan) connected to a light microscope (Olympus 

BHS, Olympus Optical, Tokyo, Japan). 

Immunohistochemistry 

Sections of pre-identified small airways were stained separately to identify 

polymorphonuclear neutrophils (Neutrophil Elastase NE, Dako-cytomation, dilution 1:50). 

Control sections were treated with mouse IgG1 isotype at the same dilution. Manual cells 

counts were performed within each bronchioli wall at 100 micrometers maximal depth and 

expressed as a number/mm
2
 of submucosal area. 

 



 

 

Statistical analysis 

Clinical data were expressed as means ± SEM. The effect of supernatants obtained from 

COPD patients, smokers and control subjects were compared using Kruskal-Wallis tests for 

quantitative data and Fisher tests for qualitative data. Chemotactic data were expressed as 

means ± SEM. Paired comparisons were made using Mann-Whitney tests. Data were 

considered statistically significant at a p-value <0.05. All graphical data and statistical 

analyses were generated with GraphPAD Prism software (Version 6.0). 

  



 

Supplementary Tables and Figures 

Table S1. Subject baseline characteristics: neutrophil donors. 

 Healthy controls COPD 

N 5 5 

Age, years (mean ± SEM) 42 ± 5.8 68 ±1.2 

Gender [n (% male)] 1 (20) 4 (80) 

Smoking history, pack years (mean ± SEM) 0 ± 0.0 60 ± 13 

Smoking status [n (%weaned >1 year)] NA 5 (100) 

FEV1, % predicted (mean ± SEM) 106 ± 4.0 

 

29.0 ± 5.3 

FEV1/FVC (mean ± SEM) 83.8 ± 3.6 

 

44.0 ± 6.1 

 

Treatments: 

ICS (n) 

LABA (n) 

LAMA (n) 

 

0 

0 

0 

 

0 

5 

5 

Definition of abbreviations: FEV1, forced expiratory volume in 1 s; FVC, forced vital 

capacity; ICS, inhaled corticosteroid; LABA, long acting β agonist; LAMA, long acting 

muscarinic agonist 

 

 

 



 

Table S2. Subject baseline characteristics: ALI cultures. 

 Healthy 

controls 

Smokers COPD p- value 

n 4 10 13 NA 

Age, years (mean ± SEM) 48 ± 9.9 59 ± 4.7 61 ± 2.0 0.405 

Gender [n(%male)] 2 (50) 7 (70) 8 (62) 0.774 

Smoking history, pack years 

(mean ± SEM) 

0.75 ± 0.7 34 ± 5.6 

 

46 ± 6.6 0.005 

Smoking status [n (%weaned >1 year)] 4 (100) 5 (50) 7 (54) 0.196 

FEV1, % predicted (mean ± SEM) 87.8 ± 3.7 

 

109 ± 5.3 50.8 ± 7.2 < 0.0001 

FEV1/FVC (mean ± SEM) 82.3 ± 4.3 

 

82.0 ± 3.0 

 

53.4 ± 5.8 

 

0.0015 

Treatments 

ICS (n) 

LABA (n) 

LAMA (n) 

 

0 

0 

0 

 

0 

0 

0 

 

0 

13 

13 

 

NA 

NA 

NA 

Definition of abbreviations: FEV1, forced expiratory volume in 1 s; FVC, forced vital 

capacity; ICS, inhaled corticosteroid; LABA, long acting β agonist; LAMA, long acting 

muscarinic agonist 
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Figure S1: Baseline CCSP secretion. 

CCSP secretion by epithelial cells from smokers (n=7) and COPD patients (n=8). CCSP 

secretion tended to be reduced in COPD cells compared to those from smokers. 

 

Figure S2: Treating the airway epithelium with exogenous CCSP prevented CSE-

induced COPD neutrophil chemotaxis. 

The distance travelled by COPD neutrophils on a gradient of COPD ALI supernatants (n=8) 

stimulated by CSE with or without CCSP supplementation. Since the latter are disoriented, 

considering the distance travelled by the neutrophils was a better measure for demonstrating 

that CCSP had the same effect on COPD neutrophils as on healthy neutrophils. Indeed, CCSP 

inhibited CODP neutrophil recruitment when exposed to CSE (p < 0.0001). 

Approximately 100 tracked neutrophils by condition. Data were expressed as means ± SEM. 

Paired comparisons were made using Mann-Whitney tests indicated by hash signs (#). 

 

Figure S3: Stimulated-COPD neutrophil migration was slowed down by CCSP. 

A: The XFMI of COPD neutrophils on fMLP- or IL8- gradients with or without CCSP. CCSP 

inhibited the chemotaxis of neutrophils stimulated by IL8 (p < 0.0001). 

B: The X endpoints of COPD neutrophils on fMLP- or IL8- gradients with or without CCSP. 

CCSP inhibited the neutrophil movement in the direction of the IL8-induced gradient 

(p < 0.0001). 

C: The distance travelled by COPD neutrophils on fMLP- or IL8- gradients with or without 

CCSP. CCSP inhibited the neutrophil movement induced by IL8 (p < 0.0001). 



 

Approximately 100 tracked neutrophils by condition. All conditions were reproduced three 

times. Data were expressed as means ± SEM. Paired comparisons were made using Mann-

Whitney tests. Significant differences compared to controls were indicated by stars. Hash 

signs (#) indicated significant differences between compared groups. 

 


