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Abstract

Cystic fibrosis (CF), one of the most common human genetic diseases worldwide, is caused by a 

defect in the CF transmembrane conductance regulator (CFTR). Patients with CF are highly 

susceptible to infections caused by opportunistic pathogens including Burkholderia cenocepacia, 

which induce excessive lung inflammation and the eventual loss of pulmonary function. Abundant 

neutrophil recruitment into the lung is a key characteristic of bacterial infections in CF patients. In 

response to infection, inflammatory neutrophils release reactive oxygen species (ROS) and toxic 

proteins, leading to aggravated lung-tissue damage in patients with CF. The present study shows a 

defect in ROS production by mouse Cftr−/− and human F508del-CFTR, CF neutrophils, and 

consequently, reduced antimicrobial activity against B. cenocepacia. Furthermore, dysregulated 

Ca2+ homeostasis led to increased intracellular concentrations of Ca2+ that correlated with 

significantly diminished NADPH oxidase response and impaired secretion of neutrophil 

extracellular traps (NETs) in human CF neutrophils. Functionally deficient human CF neutrophils 

recovered their antimicrobial killing capacity following treatment with pharmacological inhibitors 

of Ca2+ channels and CFTR channel potentiators. Our findings suggest that regulation of 

neutrophil Ca2+ homeostasis, via CFTR potentiation or by the regulation of Ca2+ channels, can be 

used as a new therapeutic approach for reestablishing immune function in patients with CF.
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Introduction

Cystic fibrosis (CF) affects approximately 30,000 individuals in the US alone (1). CF is 

caused by a functional defect in the cystic fibrosis transmembrane conductance regulator 

(CFTR), which functions as a cyclic AMP-activated, ATP-gated chloride (Cl−) and 

thiocyanate (SCN−) channel (2, 3). Since the CFTR gene was discovered in 1989, more than 

1800 mutations of this single gene have been identified, with about 242 mutations confirmed 

to cause cystic fibrosis (1). F508del-CFTR is the most common mutation in the CF 

population; 86.4 percent of patients have at least one copy of this mutation. The F508del-
CFTR mutation results in a misfolded protein that cannot escape the endoplasmic reticulum 

for further processing (1, 4).

In the lung, CF mutations have long been associated with viscid mucus, resulting in an 

ineffective mucociliary clearance, leading to colonization of the airways with opportunistic 

pathogens, and consequently, respiratory infections that are the main cause of mortality in 

CF patients (5, 6). Burkholderia cepacia complex (Bcc) is a group of opportunistic bacterial 

pathogens that infect CF patients causing heightened lung inflammation and the devastating, 

sepsis-like Cepacia syndrome (7, 8). B. cenocepacia infections have been associated with 

high morbidity and mortality in CF patients (9).

Although CF has long been recognized as an epithelial disease, cumulative evidence 

suggests that deficient CFTR function in immune cells leads to aberrant inflammation and 

deficient pathogen clearance (10). CFTR is expressed in phagocytic cells including 

macrophages (11, 12) and neutrophils (2, 13). Neutrophils, first line of defense against 

microbial infections, possess multiple antimicrobial mechanisms to clear microorganisms 

including phagocytosis, neutrophil granule release, production of reactive oxygen species 

(ROS), and generation of neutrophil extracellular traps (NETs) (14, 15). ROS are critical to 

ensuring an effective killing by phagocytosis and to inducing NETs (15). Infected CF 

airways harbor abundant neutrophils, which can contribute to further pulmonary damage 

(16). Upon infecting CF neutrophils, B. cenocepacia can induce necrosis (17), and release of 

neutrophil granule contents, such as myeloperoxidase, enzymes and DAMPs. The materials 

released contribute to inflammation, and eventually, may cause lung failure.

The changes in the tissue microenvironment of patients with CF modify cell functions of 

phagocytes. For instance, CF neutrophils show reduced phagocytic capacity (18), and 

consequently, defective killing against Pseudomonas aeruginosa (19) due to a reduction of 

phagolysosome chlorination (2). Despite B. cenocepacia mechanisms to scavenge ROS of 

host cells, these bacteria succumb to ROS-dependent killing mechanisms upon efficient 

neutrophil responses in healthy individuals. However patients with chronic granulomatous 

disease (CGD), which is characterized by defective NADPH oxidase, are highly susceptible 

to develop infections by B. cenocepacia (20). Similar susceptibility of CF patients to B. 
cenocepacia infections has led investigators to search for abnormalities in the oxidative 

responses of the CF neutrophil. Although some reports indicate defective NADPH oxidase 

activity and reduced ROS production in human CF neutrophils (21, 22), others have found 

no differences in respiratory burst activity between CF patients and healthy individuals (23–
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25). Thereby, additional experimental evidence is required from mouse and human 

neutrophils to help resolving this controversial topic.

In the past decade, Ca2+ mobilization has been shown to have an important role in the 

regulation of ROS by phagocytic cells (26). In addition, extracellular Ca2+ entry is required 

for NADPH oxidase activation (26). Abnormal regulation of Ca2+ has been reported in CF 

airway epithelia (27). Increased intracellular concentration of calcium appears to enhance 

the inflammatory profile of CF airway cells, which may contribute to the development of 

chronic and aggravated inflammatory responses (28). However, the role of Ca2+ signaling in 

regulating CF neutrophil dysfunction has not been investigated.

Here we report a diminished capacity of CF neutrophils to kill B. cenocepacia, resulting 

from reduced production of ROS metabolites in CF neutrophils, and consequently, a reduced 

production of NETs. We propose that dysregulated Ca2+ homeostasis, which directly 

modifies the function of NADPH oxidase and further reduces ROS-dependent antimicrobial 

mechanisms in CF neutrophils, causes the changes in the CF neutrophils’ responses. 

Therefore, the regulation of Ca2+ channel activities, may constitute a new therapeutic 

approach to improve the immune response of patients with CF.

Materials and Methods

Ethics statement

The Institutional Animal Care and Use Committee at the Research Institute at Nationwide 

Children’s Hospital IACUC (AR13-00020) approved animal experiments to ensure the 

humane care and use of animals. All mice studies were performed in strict accordance with 

the National Institutes of Health standards as set forth in "Guide for the Care and Use of 

Laboratory Animals" DHSS Publication No. (NIH) 85–23.

Mouse strains

Wild-type (WT) C57BL/6 were bred and maintained in Nationwide Children’s Hospital 

vivarium. Cftrtm1Unc Tg(FABPCFTR)1Jaw/J, (Cftr−/−) (29) and B6N.129S2-Ncf1tm1Shl/J 

(p47phox−/−) (30) were purchased from Jackson Laboratory (Bar Harbor, ME).

Bacterial culture

Burkholderia cenocepacia strain K56-2, Pseudomonas aeruginosa 01 wild-type (Pa01) and 

Staphylococcus aureus SH1000 wild-type were cultured in Luria-Bertani (LB) broth (Difco, 

MD), Nontypeable Haemophilus Influenzae 86-028NP (NTHI) (clinically isolated) was 

cultured in brain heart infusion (BHI) broth at 37 °C overnight with shaking. Bacterial 

concentration was adjusted before each experiment based on absorbance at 600 nm or 490 

nm for NTHI.

Bacterial infection

C57BL/6 or Cftr−/− mice were infected intratracheally (i.t.) with 5×106 colony forming units 

(CFU) of B. cenocepacia, and the survival curve was followed up to 8 days post infection 

(dpi). Some C57BL/6 mice were pretreated with 250 µg of anti-Ly6G clone 1A8 (Bioxcell, 
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West Lebanon, NH) or 250 µg of Gr-1 clone RB6-8C5 (Bioxcell, West Lebanon, NH) 

antibody for 24 hours before bacterial infection. Bacterial inoculum was adjusted and 

administrated i.t., and the survival curve was followed for up to 8 dpi.

Neutrophils migration in vivo

C57BL/6 mice were i.t. infected with 5×106 CFU of B. cenocepacia. Animals were 

euthanized 24 or 48 hpi, and bronchoalveolar lavage (BAL) was collected with 1mL of PBS 

plus 10−3 M of EDTA. Lung tissue was collected and treated with collagenase IV plus 

DNase I for 30 minutes at 37 °C, then mashed, washed and stained with anti CD45 brilliant 

violet 510 (Biolegend, San Diego CA), CD11b Alexa Fluor 700 (Biolegend, San Diego CA), 

Ly6G PerCP-Cy5.5 (Biolegend, San Diego CA) and Ly6C PE-Cy7 (Biolegend, San Diego 

CA) antibodies plus live/dead blue discriminator (Invitrogen, Eugene OR). Cells were 

acquired with a LSR II flow cytometer (BD, Franklin Lakes, NJ). Some lungs were fixed 

and embedded in paraffin, slides were stained with Hematoxylin-Eosin (H&E).

Isolation of bone marrow neutrophils

Mouse bone marrow cells were isolated from femurs and tibiae. Polymorphonuclear cells 

(PMN) were purified by positive selection using biotinylated anti-Ly-6G (Biolegend, San 

Diego CA) and MACS streptavidin-microbeads (Miltenyi Biotec, Auburn CA), following 

the manufacturer instructions. PMN purity was ≥95% as assessed by flow cytometry.

Isolation of human blood PMN cells

Human donors gave written informed consent for blood donation at the Nationwide 

Children’s Hospital as approved by the Institutional Review Board of Nationwide Children’s 

Hospital. Written consent from legal guardians of minors was obtained as well as written 

assent from minors aged 9 to 17 years. Inclusion criteria for patients in the study was 

bearing the F508del mutation. Exclusion criteria included history of B. cepacia complex 

culture positivity, chronic immunosuppression, CFTR modulator use, and history of 

transplantation. Chronic azithromycin was the only immunomodulatory medicine taken by 

some subjects during the study period. Blood was collected (20 mL per subject) in 

heparinized tubes (BD, Franklin Lakes NJ). Human peripheral blood neutrophils were 

purified by negative selection (Stemcell Technologies, Vancouver, BC, Canada) according to 

the manufacturer directions.

Measurement of reactive oxygen species

105 neutrophils were stained with highly reactive oxygen species (hROS) detection reagent, 

aminophenyl fluorescein (APF), to measure hypochlorite (ClO−) hydroxyradical (•OH), and 

peroxynitrite (ONOO−) production. According to the manufacturer (Enzo life sciences, 

Farmingdale NY, USA), this fluorescent reagent has little reactivity towards other ROS such 

as singlet oxygen, superoxide, hydrogen peroxide, nitric oxide, and alkyl peroxide. 

Neutrophil staining was followed by addition of 10−5 M of Diphenyleneiodonium chloride 

(DPI) (Tocris Bioscience, Bristol, UK) or 10−5 M of a voltage-independent CFTR inhibitor 

PPQ-102 (Tocris Bioscience, Bristol, UK), then cells were stimulated with 10−7 M of PMA, 

1µg/ml of LPS, 2.5×10−4 M of Pyocianin, S. aureus or NTHI, the kinetics were measured at 
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488/515nm using Synergy H1 multi-mode plate reader (Biotek, Winooski VT). Some cells 

were treated with 10−5 M of PPQ-102 for 20 minutes and incubated with 10−4 M of luminol, 

followed by addition of 5×10−8 M of PMA, B. cenocepacia and/or 10−5 M of DPI, the 

kinetics were acquired by luminescence plate reader.

Quantification of bacterial colony forming units

Human or mouse neutrophils (5×105) were infected with Burkholderia cenocepacia (Bc), 

Pseudomonas aeruginosa (Pa01), Staphylococcus aureus (Sa) or Nontypeable Haemophilus 
influenzae (NTHI) using a multiplicity of infection of 10 (MOI=10) in RPMI medium with 

2% FBS for 45 minutes. Cells were centrifuged at 1200 rpm for 7 minutes, the supernatant 

was removed, and the pellet was resuspended and seeded in 24 well plates, then some 

neutrophils were treated with 3×10−6 M of EGTA (Sigma Aldrich, St. Louis, MO) or 10−5 

M of 2-APB (Sigma Aldrich, St. Louis, USA) and incubated for 3 hours at 37 °C. Some 

samples were pretreated with 10−5 M DPI for 10 minutes or with or with 5×10−6 M of 

VX-770 (Ivacaftor, Selleckchem.com) for 60 minutes at 37 °C and maintained with the 

potentiator during the course of infection. To quantify intracellular bacteria, neutrophils 

were lysed with 0.1% Triton X-100 (Sigma Aldrich, St. Louis, MO), and free bacteria were 

quantified by serial dilution on LB and chocolate agar plates. Relative percent of 

antimicrobial killing was calculated by dividing the inverse CFU of CF with non-CF 

neutrophils and multiplied by 100.

NETs visualization and quantitation

105 PMN were attached in coverslips for 30 minutes at 37 °C. Cells were then stimulated 

with 1µg/mL LPS, 5×10−8 M PMA, or infected with B. cenocepacia or B. cenocepacia-RFP 

(MOI=10) and incubated for 3 hours at 37 °C. To visualize NETs, we used a method 

previously described (31). Briefly, for neutrophil elastase (NE) detection; rabbit anti-human/

mouse NE (Abcam, Cambridge MA, USA) and chicken anti-rabbit Alexa Fluor 568 or 

chicken anti-rabbit Alexa Fluor 488 (Invitrogen, Eugene OR, USA) were used. Samples 

were mounted using fluoroshield mounting media with blue emitting DAPI (Abcam, 

Cambridge, MA, USA). The slides were acquired using the Nikon Eclipse Ti (Nikon 

Instrument Inc. Americas) and analyzed using ImageJ software (NIH). To quantify NETs, 

105 neutrophils were treated with 10−5 M of DPI or 10−5 M of PPQ-102, then stimulated 

with 1µg/ml of LPS, 10−7 M of PMA, B. cenocepacia, S. aureus or NTHI using a MOI of 

10, some cells were lysed with 1% triton X-100 (to determine total DNA content), after 2 h 

of incubation, some cells were treated with DNase I for 45 minutes at 37 °C, then 

extracellular DNA was stained with 5×10−6 M of SyTOX green (Invitrogen, Eugene OR) for 

15 minutes, finally, the samples fluorescence was measured at 504/523 nm with a Synergy 

H1 Multi-mode plate reader. To quantify the amount of extracellular DNA we followed the 

method previously described (32).

Scanning Electron Microscopy

105 PMN were seeded on coverslips for 30 minutes at 37 °C, followed by stimulation with 

5×10−8 M of PMA or infected with B. cenocepacia (MOI=10) for 3 hours at 37 °C. Samples 

were fixed for 30 minutes with 2.5% glutaraldehyde in PBS buffer, followed by secondary 

fixation for 30 minutes with 1% osmium tetroxide in PBS. The fixed samples were then 
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triple washed in deionized water (dH2O) and dehydrated with graded ethanol (50%, 70%, 

80%, 90%, 95%, and 100%). The dehydrated samples were incubated 1 hour in 50% 

hexamethyldisilazane (HMDS):ethanol, followed by two 1-hour incubations in 100% 

HMDS, and allowed to air dry. The cover slips were coated with 2.5 nM gold:palladium in 

an Emitech K550X sputter coater (Emitech, Ashford, England) and examined on a Hitachi 

S-4800 field-emission scanning electron microscope (Hitachi High Technologies, 

Schaumburg, IL). Images were captured at an accelerating voltage of 3–5 kV using the 

upper secondary electron detector, unless noted.

Expression of CFTR in human neutrophils

105 human neutrophils were seeded in coverslips coated with poly-L-lysine (Sigma Aldrich, 

St. Louis, MO). Cells were fixed, permeabilized and stained with mouse anti-human CFTR 

[CF3] (Abcam, Cambridge MA), wheat germ agglutinin Alexa Fluor 594 (Abcam, 

Cambridge MA), rabbit anti-human LAMP1 (Abcam, Cambridge MA), goat anti-mouse 

Alexa Fluor 488 (Abcam, Cambridge MA), goat anti-rabbit Alexa Fluor 594 (Abcam, 

Cambridge MA) and Hoechst 33342 (ThermoFischer scientific). Slides were imaged using 

apotome fluorescent microscope (Zeiss) and analyzed with ImageJ software (NIH).

Measurement of cytosolic Ca2+ in neutrophils

Human or mouse bone marrow neutrophils were stained with 10−6 M of Flou-4 AM 

(Invitrogen, Eugene OR) in the presence of 4×10−3 M of probenecid (Invitrogen, Eugene 

OR) for 30 minutes at 37 °C. Neutrophils (5×105) were aliquoted per tube in Hank's 

Balanced Salt Solution (HBSS) and maintained on ice and in the dark. Some samples were 

pretreated with 3×10−3 M EGTA, 10−5 M DPI, 10−5 M of PPQ-102 for 20 minutes or with 

5×10−6 M of VX-770 for 30 minutes at 37 °C. The accumulation of intracellular free 

calcium was assessed by FACS in triplicate with a LSR II cytometer, using the blue laser 

(488nm) for excitation and 505 LP 530/30 BP filter channel for acquiring fluorescence 

emission. Neutrophils were collected before stimulation for 30 seconds at low acquisition 

rate to determine baseline calcium levels, then cells were stimulated with 10−7 M of IL-8 

(R&D Systems), 10−7 M of platelet activating factor (PAF) (Sigma Aldrich), 10−7 M of C5a 

(R&D Systems) or (10−8 - 10−7 M) fMLP (Sigma Aldrich). The fluorescence emission of 

Fluo-4 was measured for 250–350 seconds. Data was analyzed using the kinetics platform in 

FlowJo software (Ashland, OR), each second of the kinetics represents the MFI of around 

800 events.

Statistical analysis

Statistical evaluation for bar graphs was determined by unpaired Student’s t test or by one-

way ANOVA/Tukey. The analysis were performed by using GraphPad Prism software (San 

Diego CA). A value of p<0.05 was considered statistically significant.

Results

Increased susceptibilty to B. cenocepacia infection in Cftr−/− mice

CF patients are prone to develop lung infections by B. cenocepacia (1), however, the 

establishment of animal models is critical to study the host-microbe interaction. Although 
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CFTR-deficient mice can clear some of the pathogens that affect CF patients, these mice 

show an impaired ability to control lung infection with Pseudomonas aeruginosa and showed 

excessive proinflammatory signaling (33–35). In an attempt to mimic the human infection, 

we intratracheally (i.t.) infected wild type (WT) and Cftr−/− mice with B. cenocepacia 
(Figure 1A), and studied the course of lung infection. We observed that while all WT mice 

survived up to 8 days after infection, only 30 percent of Cftr−/− mice survived one week after 

infection. Infection with 5×106 colony forming units (CFU) of B. cenocepacia killed up to 

70 percent of mice in the Cftr−/− group, as early as 72 hours post infection (hpi), but none of 

the mice in the WT group, suggesting that CFTR-deficient mice are defective in specific 

antimicrobial responses against this bacteria.

Neutrophils are essential to clear B. cenocepacia infections

Phagocytes have an important role in maintaining lung homeostasis by preventing bacterial 

infections and removing dead cells (15). Patients with CF are prone to develop lung 

infections due to B. cenocepacia. However, it is not clear whether neutrophils play a 

protector or pathologic role. We first investigated the contribution of neutrophils to the 

inflammation induced by B. cenocepacia in murine airways. We i.t. infected WT mice with 

B. cenocepacia and investigated the migration of neutrophils into the lungs. We found that 

B. cenocepacia induced a very robust recruitment of neutrophils by 24 and 48 hpi, as 

evaluated in the bronchoalveolar lavage (BAL) fluid and lung parenchymal tissue 

(Supplemental Figure 1). This response suggests that neutrophils may have a major role in 

the immunity against B. cenocepacia. To study the functional role of neutrophils during B. 
cenocepacia infection, we depleted neutrophils in WT mice by intravenous (i.v.) injection of 

anti-Ly6G specific antibody, or depleted neutrophils and monocytes with anti-Gr1 antibody 

(36). Depleted and non-depleted WT mice were i.t. infected with B. cenocepacia (5×106 

CFU) and survival was monitored over the next eight days after infection. While WT mice 

efficiently resolved the bacterial infection, with neutrophils depleted, greater than 50% of 

the mice succumbed to infection during the first 72 hpi (Figure 1B), furthermore, none of the 

mice depleted of monocytes and neutrophils survived beyond 72 hpi (Figure 1B). These 

results demonstrated that both types of phagocytes, monocytes and neutrophils, are essential 

to clear B. cenocepacia infection in the lungs.

CFTR channel dysfunction reduces antimicrobial capacity in neutrophils

To assess the relationship between CFTR channel expression and antimicrobial functions in 

neutrophils, we first determined protein expression and cellular localization of CFTR in 

human neutrophils. The CFTR channel is highly expressed in barrier tissues, such as lung 

epithelial cells and gut epithelial cells (37). It has been reported that leukocytes also express 

CFTR, including T cells (38) and macrophages (11), yet studies on neutrophils offered 

mixed results (2, 11, 18, 39). Using fluorescent anti human CFTR, we detected CFTR 

expression in human neutrophils (Supplemental Figure 2). Neutrophils expressed CFTR in 

the plasma membrane, and in intracellular vesicles related to phagolysosomal compartments 

and the endocytic pathway (Supplemental Figure 2). Next, to evaluate the potential impact 

of CFTR channel dysfunction on the antimicrobial activities of neutrophils, we infected WT 

and Cftr−/− mouse neutrophils (Figure 1C) with CF pathogens; B. cenocepacia (Bc), P. 
aeruginosa (Pa01), S. aureus (Sa) and nontypeable Haemophilus influenza (NTHI). Cftr−/− 
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neutrophils showed significantly reduced antimicrobial killing against B. cenocepacia, P. 
aeruginosa and S. aureus, however the antimicrobial killing against NTHI was not 

significantly reduced in mouse Cftr−/− neutrophils. We next evaluated the antimicrobial 

capacity of CF (delF508-CFTR) and non-CF donors against the same CF related pathogens 

as tested with mouse neutrophils (Figure 1D). We observed a reduced antimicrobial capacity 

in CF neutrophils against all the pathogens tested. The results suggest an intrinsic defect in 

the antimicrobial response of CF neutrophils, which could vary according to the host 

condition and the pathogen.

Oxidative burst dependent antimicrobial mechanisms are impaired in CF neutrophils

The generation of reactive oxygen species (ROS) is an essential antimicrobial mechanism in 

neutrophils. Although ROS intermediates are produced by the NADPH oxidase complex in 

healthy individuals, results regarding the function of NADPH oxidase and the generation of 

ROS pathway in CF neutrophils are matter of controversy (21–25). Since we observed a 

defect in antimicrobial mechanism in CF neutrophils, we sought to analyze how the CFTR 

mutation or inhibition of CFTR function affects ROS production in neutrophils.

Because activation of Cl− channels causes Cl− efflux and plasma membrane depolarization 

(40), it is possible that NADPH oxidase activity, which is regulated by membrane 

depolarization (41) may be affected by deficient Cl− fluxes. To test whether blocking the 

CFTR channel in non-CF neutrophils would directly impact the oxidative response in 

neutrophils, we used the cell-permeable pyrimido-pyrrolo-quinoxalinedione CFTR inhibitor 

(PPQ-102) and the cell permeable dye, aminophenyl fluorescein (APF), to detect the 

production of highly reactive oxygen species (hROS) in neutrophils, including hypochlorite 

(ClO−), hydroxyradical (•OH), and peroxynitrite (ONOO−). The inhibition of CFTR was 

enough to reduce hROS production in non-CF neutrophils when stimulated with PMA or 

LPS (Figure 2A). Reduced Cl− efflux by CFTR inhibition also affected the production of 

superoxide products (Supplementary Figure 3A).

To test whether CFTR deficiency in neutrophils might impact on Cl− mobilization, and 

therefore contribute to the production of hROS, we measured hROS. CF neutrophils showed 

a reduced production of hROS when stimulated with PMA or LPS (Figure 2B), also when 

CF neutrophils where stimulated with pyocianin, S. aureus, NTHI (Figure 2C) or with B. 
cenocepacia (Supplementary Figure 3B), showed a reduced concentration of ROS, 

suggesting that a deficiency in CFTR function could impact in the production of final 

oxidative products.

To confirm the importance of the ROS response against B. cenocepacia infection, we 

pretreated neutrophils with the flavoprotein inhibitor, diphenyleneiodonium chloride (DPI) 

(42), then infected with B. cenocepacia. Both CF neutrophils and non-CF neutrophils 

showed reduced antimicrobial killing activity when NADPH oxidase was blocked (Figure 

2D). These results reinforced the premise that production of ROS by neutrophils is critical to 

control B. cenocepacia infection.
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CF neutrophils are defective in NETosis

NETosis was described in 2004 as the ultimate antimicrobial mechanism of neutrophils to 

trap and kill extracellular bacteria (43). CF patients that develop chronic inflammation have 

a profuse neutrophilia in the lungs, correlating with one of the clinical features of these 

patients, i.e., the highly dense sputum, which some reports relate with high concentration of 

DNA (44). The clinical manifestations in the lung suggest that the neutrophil extracellular 

traps’ (NETs) secretion could have a major role in the pathology of CF patients (45). The 

ROS pathway has been extensively related to NETs production in neutrophils. Thus, our 

results showing deficient secretions of ROS in CF neutrophils prompted us to analyze 

whether the ROS-NETs pathway was affected in neutrophils from CF patients.

When we stimulated CF and non-CF neutrophils with PMA, CF neutrophils produced less 

extended “web-like” NETs structures compared to non-CF, which could indicate a defect in 

the NETs pathway (Figure 3A–B).

When CFTR function was inhibited in non-CF neutrophils, NETosis was partially reduced 

after stimulation with PMA (Supplemental Figure 3C). We obtained similar results 

stimulating the cells with LPS (Figure 3C). The NETosis induced by PMA was dependent 

on the NADPH oxidase pathway (Supplemental Figure 4A), as previously suggested in 

patients suffering chronic granulomatous disease (CGD)(46), a syndrome characterized by 

mutations in the NADPH/PHOX complex (47).

Furthermore, we confirmed the inability of CF neutrophils to produce NETs by comparing 

the kinetics of NET formation in CF and non-CF neutrophils. We employed scanning 

electron microscopy (SEM) to visualize the stimulation of neutrophils with PMA, and 

followed morphological change over 3 hours post-stimulation. PMA stimulation induced 

cells to flatten and chromatin to decondense, followed by nuclear disintegration (Figure 4, 

1hour panels), and ultimately, ejection of DNA filaments into the extracellular space (Figure 

4, 2 hour panels). In contrast, PMA failed to induce such dramatic morphological changes in 

CF neutrophils, even after 3 hours post-stimulation (Figure 4, 3 hour panels).

Next, we tested whether B. cenocepacia infection could directly induce NETs formation. CF 

and non-CF neutrophils were isolated and assessed for NETs using different methodologies. 

We found that CF neutrophils infected with B. cenocepacia did not produce NETs (Figure 

5A), however, non-CF neutrophils released NETs colocalizing with bacteria (Figure 5A, 

arrows indicate bacteria colocalization with NETs). Further analysis using SEM confirmed 

that CF neutrophils were unable to releasing NETs in the presence of B. cenocepacia, even 

when the neutrophils were in contact with bacteria (Figure 5B lower panel, red boxed-inset). 

In contrast, non-CF neutrophils released NETs abundantly in the presence of B. 
cenocepacia, which trapped extracellular free bacteria (Figure 5B upper panel, red boxed-

inset). Next, we quantified NETs by staining extracellular DNA released (eDNA) with 

SyTOX green. CF neutrophils showed a reduced production of eDNA or NETs when 

stimulated with PMA, LPS, B. cenocepacia or S. aureus compared with non-CF neutrophils. 

Intriguinly, neither CF or non CF neutrophils produced significant amounts of NETs when 

stimulated with NTHI (Suplemmental figure 4A–B).
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Dysregulated Ca2+ homeostasis in CF neutrophils

Published studies have demonstrated that the hyper-activation of CF airway epithelia 

depends on Ca2+ overloading (48, 49). In CF patients, activation of airway epithelia 

contributes to persistent recruitment of inflammatory neutrophils, which are related to 

exacerbated lung inflammation and lung damage (6). The role of CFTR dysfunction in 

modification of Ca2+ homeostasis in CF neutrophils has not yet been investigated. To 

address this point, we used mouse neutrophils and found slightly elevated Ca2+ responses in 

Cftr−/− neutrophils, when stimulated with IL-8 (Figure 6A) or C5a (Figure 6B). In contrast, 

when Cftr−/− neutrophils were stimulated with PAF, we measured significantly greater levels 

of [Ca2+]i, as compared to responses in their WT counterpart (Figure 6C). Similar trend was 

observed in Cftr−/− neutrophils when stimulated with fMLP (Figure 6D). Seeking to identify 

the source of Ca2+ response in Cftr−/− neutrophils, we chelated extracellular Ca2+ using 

EGTA (Figure 6E). Following depletion of external Ca2+, Cftr−/− neutrophils showed 

slightly elevated [Ca2+]i when compared to WT neutrophils, suggesting that loss of the 

CFTR channel may affect the regulation of intracellular concentration of Ca2+ following 

neutrophil stimulation. We wondered whether CFTR-mediated Cl− currents could directly 

regulate such intracellular Ca2+ responses in neutrophils. To test this, we treated WT 

neutrophils with PPQ-102 and analyzed the [Ca2+]i kinetic following fMLP stimulation. 

Interestingly, inhibition of the CFTR channel was enough to increase the Ca2+ response in 

neutrophils (Figure 6F).

To correlate the reduced oxidative response in CF neutrophils with the altered Ca2+ 

response, we used p47phox−/− neutrophils, which are deficient in NADPH oxidase activity 

(30), and compared their response against WT neutrophils. Oxidative burst deficient 

p47phox−/− neutrophils had greater [Ca2+]i levels in response to fMLP stimulation, which did 

not decline with time, as compared to that of WT neutrophils (Figure 6G). There were no 

differences in [Ca2+]i levels when the cells were stimulated with fMLP without extracellular 

Ca2+ (Figure 6H). These data suggest that reduced NADPH oxidase activity altered 

intracellular Ca2+ regulation upon neutrophil stimulation, and that this dysregulation is likely 

due to alteration of Ca2+ entry through plasma membrane Ca2+ channels.

To investigate whether CF neutrophils exhibited similar Ca2+ responses as Cftr−/− mouse 

neutrophils, we measured [Ca2+]i in human neutrophils after stimulation. We found that CF 

neutrophils exhibited an elevated intracellular Ca2+ response, as compared to non-CF 

neutrophils, when stimulated with fMLP (Figure 7A). Similar to Cftr−/− neutrophils in the 

absence of extracellular Ca2+, following addition of EGTA (Figure 6E), human CF 

neutrophils developed greater intracellular Ca2+ levels than non-CF neutrophils (Figure 7B). 

To test whether CF neutrophils responded similar to p47phox−/− neutrophils, with regards to 

[Ca2+]i upon stimulation, we first added DPI to human non-CF neutrophils, and then 

stimulated them with fMLP. Interestingly, Ca2+ responses raised in DPI-treated neutrophils, 

similar to those observed in CF neutrophils (Figure 7C), which indicated that regulation of 

Ca2+ responses is dependent of NADPH oxidase activity in neutrophils. Altogether, these 

data suggest a direct correlation between CFTR channel function and the regulation of both 

NADPH oxidase activity and the Ca2+ responses in neutrophils.
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Downregulation of Ca2+ overloading restores antimicrobial response in CF neutrophils

Our hypothesis is that excessive Ca2+ response is responsible for the reduced efficacy of 

antimicrobial pathways in CF neutrophils. To evaluate whether extracellular Ca2+ entry was 

contributing to the overloading of Ca2+, and consequently, was responsible for the reduced 

antimicrobial mechanism in CF neutrophils, we chelated extracellular Ca2+ with EGTA, or 

inhibited transient receptor potential (TRP) Ca2+ channels with 2-

aminoethoxydiphenylborane (2-APB), and then infected the cells with B. cenocepacia 
(Figure 7D). Both CF and non-CF neutrophils exhibited increased antimicrobial killing 

when extracellular Ca2+ was depleted. Interestingly, when we inhibited TRP type channels, 

and therefore blocked the extracellular Ca2+ entry associated to neutrophil activation, CF 

neutrophils improved antimicrobial killing against B. cenocepacia.

Potentiation of CFTR regulates Ca2+ levels and restores antimicrobial function in CF 
neutrophils

To understand how CFTR channel activity can impact the regulation of [Ca2+]i levels in 

neutrophils, we pretreated non-CF and CF neutrophils with VX-770, a potentiator of CFTR 

channel activity and recorded [Ca2+]i levels. Interestingly, both CF and non-CF neutrophils 

reduced their intracellular calcium levels under stimulation with fMLP when cells were 

pretreated with VX-770 (Figure 7E), suggesting a direct functional correlation between 

CFTR channel activity and Ca2+ regulation in neutrophils. To analyze whether the 

potentiation of CFTR channel can improbe the antimicrobial activity in neutrophils, we 

pretreated CF and non-CF neutrophils with VX-770 and intracellular antimicrobial activity 

was measured as described before. CF neutrophils increased the antimicrobial response 

against B. cenocepacia when cells were treated with VX-770 (Figure 7F), similarly, non-CF 

neutrophils treated with VX-770 increased their antimicrobial activity.

Our results suggest that increased intracellular Ca2+ levels in CF neutrophils may result as a 

CFTR malfunction and directly correlate with reduced antimicrobial capacity in CF 

neutrophils. Thus, the potentiation of CFTR channels is contributing to the reduction of 

[Ca2+]i in CF neutrophils, and consequently, is improving antimicrobial responses during 

infection.

Discussion

Despite the development of new treatments with CFTR modulators, respiratory failure from 

serious, chronic, lung infections remains the main cause of death in patients with CF (1). 

While B. cenocepacia occurs less frequently in the CF population than other pathogens such 

as Pseudomonas aeruginosa, B. cenocepacia is associated with poor outcomes and post-

transplant survival leading to exclusion from life-saving lung transplant eligibility (50). 

Understanding the defects in the immune system that allow pathogens such as B. 
cenocepacia to persist in CF is key to developing new and more effective therapies.

In this study, we show that neutrophil functions are essential in the host to properly control 

the bacterial infection induced by B. cenocepacia. Neutrophils use ROS to kill bacteria by 

activating antimicrobial pathways (15). The fact that B. cenocepacia predominantly infects 
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chronic granulomatous disease (CGD), CF and other immunocompromised patients (20), 

suggests that ROS may be critical to prevent B. cenocepacia infection. Despite some reports 

showing contradictory conclusions about a possible defective ROS pathway in CF 

neutrophils (21, 23), our data show that the ROS pathway is deficient in neutrophils from CF 

patients. CF neutrophils exhibited reduced oxidative burst when PKC and TLR4 pathways 

were activated. The reduction in oxidative burst was observed in the production of hROS 

including ClO−, a critical oxidant involved in bacterial killing that requires chloride anions. 

Previously, Painter et al., provided evidence of defective intraphagolysosomal production of 

ClO− in human CF neutrophils (2). Our current data support the idea that the functions of 

CFTR in neutrophils may directly contribute to supply chloride, which is required for the 

formation of chlorinated metabolites during oxidative burst. Therefore, CFTR dysfunction 

may consequently affect neutrophil chlorination and killing of phagocytosed bacteria. 

Although NADPH oxidase activity is the central microbial killing mechanis, it is 

conceivable that phagocytes can use NADPH oxidase-independent antimicrobial 

mechanisms to kill B. cenocepacia, including degranulation and autophagy. Thus, alternative 

bacterial killing pathways may explain why in our results, neutrophils treated with DPI and 

then infected with B. cenocepacia preserved significant bacterial killing capacity.

Several molecules derived from neutrophils are markers for prognosis in patients with CF. 

Such markers include neutrophil elastase, myeloperoxidase, and extracellular DNA or 

antimicrobial peptides, which may link lung damage with NETosis (16, 44, 51, 52). Indeed, 

published work suggest that neutrophils undergoing NETosis may contribute to lung’s 

inflammation and pathology in CF patients (45, 53). However, the work by Young et al., 

acknowledges that clinical isolates of P. aeruginosa obtained from CF patients early and later 

in the course of infection demonstrated an acquired capacity to withstand NET-mediated 

killing (53). Moreover, Gray et al, recently reported that neutrophils from CF patients 

produced NETs similarly to non-CF neutrophils, furthermore these authors argued that NET 

production is increased in aged neutrophils from CF patients (45). The method used by Gray 

et al, was based exclusively in one DNA release assay, and thereby, DNA release due to 

neutrophil cell death distinct to NETosis may account for increased SYTOX green positive 

staining in neutrophils from those CF patients. Our results in contrast, showed decreased 

production of NETs by CF neutrophils and the production of NETs was assessed using three 

methods, including the visualization of web-like structures by fluorescence and electron 

microscopy, costaining of neutrophil elastase (NE) and chromatin DNA by 

immunofluorescence. Finally, unlike the methods used by Gray et al., we substracted non-

NETosis release of DNA by treating in each experimental group samples with DNase I at 2 

hours post stimulation according to the NETosis quantitative method previously described 

(32). Thus, by means of three methods we concluded that neutrophils from CF patients 

exhibited reduced capacity to produce NETs, and this defect was likely a consequence of the 

reduced activity of NADPH oxidase and lowered production of ROS.

It is also possible that complex pharmacological treatments of CF patients might affect the 

antimicrobial or immune functions of neutrophils and account, at least in part, for the 

variability of results from distinct groups of investigators. However, the patients included in 

this study were only treated with the antibiotic azithromycin as needed, but the use of any 

CFTR corrector regimen was an exclusion criteria. Other studies are in good agreement with 
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our findings and have shown for instance, that neutrophils with reduced ROS production, 

such as those from patients with chronic granulomatous disease or myeloperoxidase (MPO) 

deficiency, produce fewer NETs in response to inflammatory stimuli (54). Further evidence 

also suggested ClO− as the key ROS involved in human NETosis establishing a potential link 

between deficient ClO− production and reduced NET formation in CF neutrophils (55). Our 

scanning electron microscopy results unequivocally show the inability of CF neutrophils to 

develop NETosis in the presence of bacteria, despite intrinsic morphological changes in 

unstimulated CF neutrophils that may correlate with the over activated, but inefficient, cell 

status of circulating neutrophils in CF patients (reviewed in (56)). Indeed, our findings 

suggest that CF neutrophils are unable to efficiently kill B. cenocepacia, and thereby, in CF 

patients, bacteria can infect neutrophils and other local cells and disseminate to the lung. In 

addition to defective production of oxidants and NETs, neutrophils from CF patients have 

been reported to be impaired in other antimicrobial mechanisms including phagocytosis (57) 

and degranulation (58). Interestingly, neutrophil chemotaxis and inflammatory recruitment 

are not affected in clinically stable CF patients (16, 59). In response to infection and because 

of bacterial spreading, neutrophils accumulate and die likely via pyropoptosis in the lung, as 

suggested for CF macrophages (60), releasing toxic compounds from their granules into the 

lung microenvironment, and ultimately promoting tissue destruction. We do not disregard 

however, the possibility that CF neutrophils in the lung, as opposed to blood neutrophils, 

could develop distinct patterns of activation. In contrast to the peripheral blood neutrophils 

tested here, isolated neutrophils from the lung of a CF patient may be continuously exposed 

to inflammatory stimuli caused by persistent inflammation or induced by recurrent bacterial 

infections. Nevertheless, our data using blood CF neutrophils is in good agreement with the 

findings reported in sputum neutrophils from CF patients, which also display a reduced 

respiratory burst (21).

Although CFTR is not a Ca2+ channel, regulated homeostasis of Ca2+, in both non 

hematopoietic and hematopoietic cells, seems to be critical for CFTR function. For example, 

some reports correlated increased [Ca2+]i in CF airway epithelia with hyper-inflammation in 

the lungs (27, 61), however the sources of such elevated [Ca2+]i were not determined. A 

recent study showed that calmodulin, considered the major Ca2+ signaling molecule, directly 

interacts with the R region of CFTR channel, and the presence of the F508del mutation, 

increases levels of [Ca2+]i in epithelial cells (62). Another study suggested the TRPC6 

plasma membrane channel to be responsible for elevated Ca2+ levels in CF airway epithelia 

(48). In addition, Cl− efflux during activation directly affected Ca2+ signaling in neutrophils 

(63), however, whether a CFTR channel defect can directly impact the Ca2+ homeostasis in 

neutrophils it is not known.

We acknowledge the need to identify potential Ca2+ channels that contribute to 

dysregulation of Ca2+ homeostasis in CF neutrophils. Our initial studies toward this end 

have focused on determining the expression levels of Na+, Cl− and Ca2+ channels in CF or 

non-CF neutrophils, following stimulation with B. cenocepacia. Whereas our preliminary 

genomics analysis of bacterial activated CF neutrophils showed increased expression of 

several ion channel genes upon stimulation (unpublished results), the strongest upregulation 

occurred with Ca2+-activated Cl− channels (CaCCs), suggesting dysregulated Ca2+ 
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homeostasis may occur to compensate the lack of CFTR Cl− channels activity in CF cells. 

Further studies are needed to clarify the origin of ion imbalances in CF neutrophils.

In the present work, we analyzed whether ion imbalances, including Ca2+ mobilization may 

account for neutrophil dysfunction in CF patients. We showed these cells exhibited major 

dysregulation of Ca2+ homeostasis, which was stimulus-dependent. In contrast to non-CF 

neutrophils, CF neutrophils not only responded to stimulation with increased levels of Ca2+ 

release, but also with long and sustained extracellular entry of Ca2+. These results suggest 

that CF neutrophils may have increased concentrations of subcellular stored Ca2+ that is 

rapidly released upon stimulation. Increased Ca2+ levels may consequently activate Ca2+ 

uptake via opening of plasma membrane Ca2+ channels, expanding the overall mobilization 

of Ca2+, and resulting in the increased levels of intracellular Ca2+ observed in CF 

neutrophils. The relationship of Ca2+ signaling and NADPH oxidase has been extensively 

studied, Ca2+ influx is known to be a crucial element of NADPH oxidase regulation (as 

reviewed in (26)), however how Ca2+ signaling controls NADPH oxidase activity in 

neutrophils is not well understood. Our results demonstrate that by blocking NADPH 

oxidase activity, non-CF neutrophils acquired a phenotype similar to CF neutrophils, 

characterized by high levels of intracellular Ca2+ and deficient bacterial killing. Thus, 

impaired NADPH oxidase activity suggests a direct regulatory pathway between [Ca2+]i and 

NADPH oxidase function. In addition, NET formation is largely dependent on NADPH 

oxidase activity (64), and therefore, our current working model suggests increased Ca2+ 

responses of CF neutrophils in response to bacterial or endogenous inflammatory stimuli, 

which will favor neutrophil inflammation but diminished NADPH oxidase activity, NETosis, 

and consequently, the reduced efficacy in antimicrobial functions of neutrophils from CF 

patients.

Although additional studies are needed to define the specific Ca2+ channels involved in the 

Ca2+ dysregulation in CF neutrophils. We propose that intracellular Ca2+ release 

mechanisms and members of the TRP family of Ca2+ channels expressed in neutrophils (65, 

66), may likely be affected by CFTR malfunction.

Regardless of the channels regulating entry of Ca2+ in CF neutrophils, our data demonstrate 

that by temporary blocking excessive extracellular Ca2+ entry; either via Ca2+ chelation or 

by broad inhibition of TRP type plasma membrane channels, deficient CF neutrophils 

improved their antimicrobial killing capacity against B. cenocepacia. Although the 

molecular identity of the channel(s) responsible for Ca2+ overloading in CF neutrophils has 

yet to be defined, our results suggest that regulation of Ca2+ homeostasis could be a new 

therapeutic target, aiming to restore efficacious immune responses in CF patients. 

Interestinlgy, the inhibition of TRP type Ca2+ channels is becoming an amenable target for 

ameliorating pain, the reduction of cell migration or cancer metastasis, and several other 

physiopathological disorders (67–69). To our knowledge, the specific modulation of 

neutrophil function in disease, by inhibition of Ca2+ channels has not been attempted and 

this can become the translational aspect of our research.

We and others have already proposed that TRPM2 and TRPM7 channels may regulate Ca2+ 

overloading in phagocytic cells (67, 69–74), we speculate that systemic pharmacological 

Robledo-Avila et al. Page 14

J Immunol. Author manuscript; available in PMC 2019 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



inhibition of these channels may help restoring Ca2+ homeostasis and recovering the 

antimicrobial capacity in phagocytic cells. Indeed the pharmacological use in human of the 

antifungal drug clotrimazole, which also blocks TRPM2 channels (66, 72), results in 

dramatic reduction in the recruitment of inflammatory neutrophils (68), indicating 

downregulation of Ca2+ overloading in neutrophils, may be a feasible therapeutic approach 

applicable to CF patients. Furthermore, because of Ca2+ dysregulation may result from 

defective function of CFTR chloride channel, potentiation of CFTR channel by using the 

drug VX-770 (Ivacaftor) becomes an alternative and feasible strategy to recover impaired 

CF neutrophil functions. Our results showed that Ivacaftor treated CF neutrophils were able 

to reduce [Ca2+]i levels, confirming a direct correlation between CFTR function and Ca2+ 

regulation in these cells, most importantly, Ivacaftor treatment rendered remarkable 

improvement in the antimicrobial functions of non-CF and CF neutrophils. Altogether, our 

data provide experimental evidence and highlight the potential clinical relevance for the use 

of potentiators of CFTR channel, which in combination with pharmacological inhibitors of 

Ca2+ channels may restore the homeostasis of neutrophils in CF patients.
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Figure 1. Neutrophils are essential to control B. cenocepacia infection, but CF neutrophils show 
defective bacterial killing
(A) C57BL/6 (WT) or Cftr−/− mice were i.t. infected with 5×106 CFU of B. cenocepacia, the 

infection was followed up to 8 days post-infection, and graph shows survival of mice in each 

group (n=6 per group). (B) WT mice were pretreated intravenously with 250 µg of anti-

Ly6G (PMN) or anti-Gr1 (PMN/Mo) purified antibody 24 h before bacterial infection. 

Animals were infected with B. cenocepacia and survival was monitored for 8 days. (n=10 

mice per group). (C) WT or Cftr−/− bone marrow neutrophils were infected with B. 
cenocepacia (Bc), P. aeruginosa (Pa01), Staphylococcus aureus (Sa) or nontypeable 

Haemophilus influenzae (NTHI) (MOI of 10), and CFU were enumerated at 3 h (n≥4 mice). 

(D) Purified neutrophils from non-CF or CF patients were infected with Bc, Pa01, Sa or 

NTHI (MOI=10), then CFU were enumerated at 3 h (Bc n=11, Pa01 n=7, Sa n=8, NTHI 

n=6). Asterisks indicate p value for statistical significance (**p<0.01, ***p<0.001, 

****p<0.0001).
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Figure 2. ROS-dependent antimicrobial mechanisms are impaired in CF neutrophils
(A) Neutrophils purified from healthy donors were stained with APF, treated with 10−5 M of 

PPQ-102 for 20 minutes at 37 °C and stimulated with 5×10−8 M PMA or 1µg/ml LPS. hROS 

products including hypochlorite (HClO−), hydroxyradical (•OH), and peroxynitrite (ONOO
−) were measured with a fluorescence plate reader (488/515 nm). (B) hROS was measured in 

CF or non-CF neutrophils stimulated with PMA or LPS or by using (C) 2.5×10−4 M of 

pyocianin, S. aureus or NTHI (MOI=10) as indicated. (D) CF and non-CF neutrophils were 

pretreated with 10−5 M DPI for 10 minutes followed by the infection with B. cenocepacia 
(MOI=10). CFU were quantified by serial dilutions and plating. Graphs are representative of 

3 independent experiments. Asterisks indicate p value for statistical significance (*=p<0.05, 

**=p<0.01, ***=p<0.001, ****=p<0.0001).
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Figure 3. NETosis is partially impaired in neutrophils from CF patients
Non-CF or CF neutrophils were stimulated with (A) 5×10−8 M PMA or (B) 1µg/mL LPS for 

3 h. Slides were fixed and stained with rabbit anti-NE plus goat anti-rabbit IgG Alexa Fluor 

568 and DAPI. The images were acquired with a fluorescence microscope at 40× (scale bars 

represent 50 µm). Images are representative of five independent experiments.
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Figure 4. CF neutrophils show distinct pattern of activation and inability to form NETs
Non-CF or CF neutrophils were stimulated with 5×10−8 M PMA for 1–3h, then processed 

for scanning electron microscopy (SEM). The scale bars represents 10 µm. Images are 

representative of 3 independent experiments.
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Figure 5. CF neutrophils fail to release NETs when infected with B. cenocepacia
Non-CF or CF neutrophils were infected with B. cenocepacia expressing red fluorescence 

protein (RFP) (MOI=10) for 3 h, (A) The slides were fixed and stained with rabbit anti-NE 

plus chicken anti-rabbit IgG Alexa Fluor 488 and DAPI. White arrows indicate bacteria that 

co-localize with NETs (scale bars represent 20 µm). (B) Neutrophils were infected with B. 
cenocepacia for 3 h, then fixed and processed for visualization by SEM. Bacteria are pseudo 

colored red; neutrophils are pseudo colored green; and DNA is pseudo colored blue. Images 

were taken from one out of three representative experiments. Scale bars indicate 20 µm.
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Figure 6. Calcium homeostasis is dysregulated in Cftr/− neutrophils
WT, Cftr−/− or p47phox−/− mouse bone marrow neutrophils were loaded with Fluo-4, cells 

were aliquoted in HBSS buffer containing Ca2+, (A) WT or Cftr−/− neutrophils were 

stimulated with 10−7 M of IL-8, (B) 10−7 M of C5a, (C) 10−7 M of PAF or (D) 10−7 M of 

fMLP. (E) Neutrophils were stimulated with fMLP in free Ca2+ media. (F) Cells were 

pretreated with 10−5 M of PPQ-102 for 20 minutes, then stimulated with fMLP. WT or 

p47phox−/− neutrophils were stimulated with 10−7 M of fMLP (G) with Ca2+ or (H) without 

Ca2+, the intracellular free Ca2+ levels were measured by FACS for 250 seconds, each 
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second of the kinetics represents around 103 events. The graphs show MFI±SEM of 3 mice 

each one, data representative of 3 independent experiments.
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Figure 7. Potentiation of CFTR channel reduces intracellular Ca2+ levels, which results in 
improved antimicrobial killing of CF neutrophils
Human CF and non-CF neutrophils (A-C) were loaded with fluorescent Ca2+-detecting dye 

Fluo-4, in Ca2+ and Mg2+ containing media, and then stimulated with 10−8M fMLP, in the 

presence of EGTA (B) or DPI (C). The accumulation of intracellular free Ca2+ was assessed 

by flow cytometry for 340 seconds by measuring the kinetic of fluorescence emission of 

Fluo-4. The graphs shown are representative of 3 independent experiments. (D) Non-CF and 

CF neutrophils were infected with B. cenocepacia (MOI=10) for 45 minutes and seeded in 

24-well plates. Infected neutrophils were treated with 3×10−6M EGTA or 10−4M 2-APB for 

3 hours at 37 °C. Cells were lysed and CFU were calculated (n=5 donors). (E) Non-CF and 

CF neutrophils were pretreated with VX-770 before loading with Fluo-4 in HBSS media 
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containing Ca2+ and Mg2+. Cells were stimulated with fMLP and the kinetic of Ca2+ 

measurement recorded by flow cytometry. Graphs are representative of 3 independent 

experiments. (F) Non-CF and CF neutrophils were treated with VX-770 for 60 minutes, 

following by the infection with B. cenocepacia (MOI=10) for 45 minutes, then infected cells 

were incubated 3 hours and CFU enumerated (n=3 donors). Asterisks indicate statistically 

significant differences between groups (*=p<0.05, **=p<0.01, ***=p<0.001, 

****=p<0.0001).
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