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Individuals with impaired immune responses, such as ventilated and cystic fibrosis patients are often infected with Pseudomonas aeruginosa (P.a) bacteria, and a co-infection with the Influenza virus (IAV) is often present. It has been known for many years that infection with IAV predisposes the host to secondary bacterial infections (such as Streptococcus pneumoniae or Staphylococcus aureus), and there is an abundance of mechanistic studies, including those studying the role of desensitization of TLR signaling, type I IFN- mediated impairment of neutrophil chemokines and antimicrobial production, attenuation of IL1β production etc., showing this. However, little is known about the mechanistic events underlying the potential deleterious synergy between Influenza and P.a co-infections. We demonstrate here in vitro in epithelial cells and in vivo in three independent models (two involving mice given IAV +/– P.a, and one involving mice given IAV +/– IL-1β) that IAV promotes secondary P.a-mediated lung disease or augmented IL-1β-mediated inflammation. We show that IAV-P.a-mediated deleterious responses includes increased matrix metalloprotease (MMP) activity, and MMP-9 in particular, and that the use of the MMP inhibitor improves lung resilience. Furthermore, we show that IAV post-transcriptionally inhibits the antimicrobial/anti-protease molecule elafin/trappin-2, which we have shown previously to be anti-inflammatory and to protect the host against maladaptive neutrophilic inflammation in P.a infections. Our work highlights the capacity of IAV to promote further P.a-mediated lung damage, not necessarily through its interference with host resistance to the bacterium, but by down-regulating tissue resilience to lung inflammation instead. Our study therefore suggests that restoring tissue resilience in clinical settings where IAV/P.a co-exists could prove a fruitful strategy.
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INTRODUCTION

Individuals with impaired immune responses, such as cystic fibrosis (1–5) and ventilated patients (6, 7) demonstrate frequent respiratory viral infections with a variety of viruses, including the Influenza A virus (IAV). For example, clinical studies have shown correlations between viral infections with pulmonary exacerbations (1–3, 5), with the former often predisposing the host to secondary bacterial infections (8–11). Specifically, in a CF population study spanning over 6 years, which recruited in excess of 31,000 individuals and which reported an excess of 91,000 pulmonary exacerbations, the latter were associated with IAV activity (mostly of the H3N2 serotype) in both children and adults, with a Pseudomonas aeruginosa (P.a) prevalence of 48 and 82%, respectively. By contrast, an RSV association was only observed in adults (12). Surprisingly however, despite their simultaneous occurrence in such situations as acute nosocomial infections or chronic exacerbations in cystic fibrosis (see above) and COPD/emphysema, none of these studies have extensively tackled the interaction between Influenza and Pseudomonas aeruginosa (P.a). Indeed, mechanistic studies dealing with IAV and bacteria have mainly concerned Staphylococcus aureus and Streptococcus pneumoniae, for the latter, and a variety of mechanisms (often potentially contradictory) have been put forward to explain the deleterious consequences of such interactions.

These include, not exhaustively however, IAV-mediated desensitization of TLR signaling (13), type I interferon-mediated impairment of neutrophil chemokines or function (14–17), down-regulation of antimicrobial production (18–20), attenuation of IL1β production or IL1β-mediated alveolar macrophage activity (21, 22), exaggerated inflammatory responses (23, 24), or loss of lung repair potential (25, 26).

Mechanistically, we demonstrated here in vitro and in vivo in three independent models (two involving mice given IAV +/– P.a, and one involving mice given IAV +/– IL-1β) that IAV pre-treatment promoted secondary PAO1-mediated lung disease or augmented IL-1β-mediated inflammation, by enhancing deleterious inflammatory responses. These included increased matrix metalloprotease (MMP) activity, particularly MMP-9. Importantly, we showed that the MMP inhibitor batimastat improved lung resilience, and interestingly, this was not associated with an increase in bacterial clearance. Furthermore, we showed that IAV post-transcriptionally inhibited the antimicrobial/anti-protease molecule elafin/trappin-2, which we have shown previously to be anti-inflammatory in a variety of settings (27–29) and protects the host against maladaptive neutrophilic inflammation in P.a (27, 28, 30) infections, as well as against Plasmodium-mediated lung damage (29).

Altogether, out work highlights the capacity of IAV to promote further PAO1-mediated lung damage, not through its interference with host resistance to the bacterium (16, 19), but through down-regulating tissue resilience to lung inflammation instead. Our study therefore suggests that restoring tissue resilience in clinical settings where IAV/P.a co-exist could be a fruitful strategy.



MATERIALS AND METHODS


Materials

Phosphoramidon and batimastat were obtained from Sigma-Aldrich. Recombinant human and murine interleukin 1β were purchased from R&D Systems. Tace II metalloprotease substrate was obtained from Enzolife Science. Neutrophil elastase (NE) was obtained from Elastin products.



PAO1 and Influenza A Preparation

PAO1 WT (obtained from the ATCC; 15692), was grown overnight in Luria Broth (LB) medium (1% Bactotryptone, 0.5% Bacto Yeast Extract, 0.5% NaCl) under agitation. On the next day, an aliquot of PAO1 culture was grown over 3–4 h in an exponential phase and the OD was checked (600 nm). Bacteria were then centrifuged (4,000 rpm for 15 min) and pellets resuspended at the desired multiplicity of infection (moi) or colony forming units (cfu) in PBS.

The virus strain A/Scotland/20/74 (H3N2) was routinely amplified in MDCK cells (ATCC CCL-34), as described before Barbier et al. (31) and Villeret et al. (32). From the supernatants of infected cells, the influenza virus was purified by centrifugation in sucrose gradient, quantified by the virus plaque assay (32), aliquoted, and kept at −80°C until use.

When needed, purified samples were inactivated by heating at 95°C for 10 min in a block heater. Inability of heat-inactivated influenza virus (IAV*) to replicate was then confirmed by viral gene M2 q-PCR analysis (see below).



Adenovirus Constructs

The replication-deficient adenovirus (Ad) Ad-MCMV-elafin is described in Sallenave et al. (33).



Cells, Cell Cultures, and Protocols

NCI-H292 cells (ATCC reference number CRL-1848), a human pulmonary mucoepidermoid carcinoma cell line, BEAS-2B cells (ATCC CRL-9609), a SV-40 transformed bronchial epithelial cell line, and A549 (ATCC CCL-185) a cell line from a lung adenocarcinoma, were cultured in RPMI (NCI-H292) or F12/K Nutrient mixture (BEAS-2B and A549) medium supplemented with Glutamax, antibiotics, and 10% de-complemented fetal calf serum (all reagents from Gibco). Cells were incubated at 37°C in a water-jacketed CO2 incubator. Cells were infected in serum-free medium with either IAV or PAO1. Alternatively, they were stimulated with either h-IL-1β, 5′ triphosphate double stranded RNA (5′ ppp dsRNA at 1.2 μg/ml) (Invivogen), complexed to lipofectamine 2000 (Invitrogen), with polyinosinic-polycytidylic acid (poly IC at 10 μg/ml) (Invivogen), or with combinations thereof.

Cell viability was assessed by measuring Lactate dehydrogenase (LDH) activity in cell lysates and supernatants, using the CytoTox 96 Nonradioactive Cytotoxicity assay (Promega).

Cells were washed twice with ice-cold PBS and lysed in TrisHCl 50 mM, NaCl 150 mM, NP40 1%, Glycerol 3%, EDTA 2 mM, and EGTA 2 mM buffer. After centrifugation (14,000 rpm, 15 min, 4°C) pellets were discarded. Cell supernatants and lysates were then recovered and stored at −80°C until further analysis.



In vivo Experiments

Procedures involving mice were approved by our Ethical Committee (Paris-Nord/No 121) and by the French ministry of Research (agreement numbers 4537.03 and 02012). Eight-week-old male C57Bl/6 mice and human elafin/trappin-2 transgenic mice (hereafter called eTg mice) were obtained from Janvier (Le Genest-Saint-Isle, France) and generated by our group (34), respectively. Mice were anesthetized using an intramuscular injection of ketamine 500 and xylazine 2% in 0.9% NaCl (20:10:70). Either the Influenza A virus (IAV), PAO1 bacteria, or m-IL-1ß recombinant protein were given intra-nasally (i.n) or through the oro-pharyngeal route, in a final volume of 40 μl instilled through a fine polypropylene tubing. Mice were then monitored for survival or were humanely killed (overdose of 100 μl intra-peritoneally-injected pentobarbital) for mechanistic studies. For the latter, bronchoalveolar lavages (BALs) fluid was obtained by cannulating the trachea and instilling 2 × 1 ml of PBS. Typically, a volume of 1.7 ml of BALF was retrieved and centrifuged at 2,000 rpm for 10 min. Supernatants were used for protein, cytokine/chemokine (ELISA), protease activity, and hemoglobin, as a surrogate for lung damage (absorbance reading at 405 nm) measurements. BAL cell pellets were used to perform cytospins for cell differential analysis (Diff-Quick, Dade Diagnostika GmbH, Unterschleissheim, Germany).

Lung tissues were used for RNA quantification, for assessment of bacterial count, after plating extracts on agarose plates, or for histological studies.



Cytokines/Chemokines/Antimicrobials Measurement

The concentration of mediators in cell cultures supernatants/lysates or murine BALs were quantified by sandwich ELISA kits following the manufacturer's indications (R&D Bio-Techne, Minneapolis, MN) or used in our in house ELISA (33).



BAL Protease Activities

BAL metalloprotease, trypsin-like, and neutrophil-elastase activities were measured using fluorogenic substrates, as described in Barbier et al. (31) Bastaert et al. (35), and Le Gars et al. (36), respectively. Alternatively, BAL MMP activity was measured by zymography (30).



RNA Preparation

Cell monolayers were directly lysed in RNA lysis buffer. RNA isolation was performed using the PureLink® RNA Mini Kit (12183018A, Ambion, Life technologies), following the manufacturer's instructions. For lung RNA assessment, frozen lungs were homogenized in RNA lysis buffer provided by the Pure Link RNA extraction kit (Life Technologies), using lysing matrix D tubes and the FastPrep-24 5G mixer (MP Biomedical) at 4°C (two cycles of 40s, level 5). Briefly, lysates were mixed with 70% ethanol and loaded onto a silica-membrane column. After different washings, total RNA was eluted in DNAse-RNAse-free water and stored at −80°C until use.

DNase treatment was performed prior to Reverse transcription polymerase chain reaction (RT-PCR) using RNAse-free DNAse I (Roche) at 37°C for 10 min. DNAse was then inactivated by increasing the temperature to 70°C for 10 min. Complementary DNA (cDNA) was synthesized from total RNA (500 ng) using M-MLV Reverse Transcriptase (Promega) as per the supplier's protocol (1 h at 37°C followed by 1 min at 70°C).

Real-time PCR was done in a 7500 Fast Real-Time PCR System (Applied Biosystems). Reactions were performed in a total volume of 15 μl using 2x Fast SYBR® Green Master Mix (Life Technologies), 2 μl of diluted cDNA, 2 μmol forward primer, and 2 μmol reverse primer in a 96-well plate. PCR was run with the standard program: 95°C 10 min, 40 times of cycling 95°C 15 s and 60°C 1 min in a 96-well plate. Triplicate Ct values were obtained, and results were expressed as dCT = CT gene of interest-CT HPRT/18S (with low and high values representing high and low levels of the gene of interest, respectively). Alternatively, the results were expressed using the comparative Ct (ΔΔCt) calculation and the following formula: Fold change (RQ) = 2-(ΔΔCT), using “control cells” as calibrator (arbitrary unit =1).

The primers used were the following: M2 viral protein: (Fw: aagaccaatcctgtcacctct; Rw: caaagcgtctacgctgcagtc); CCL-5: (Fw: cagtcgtctttgtcacccgaa; Rw: tcccaagctaggacaagagca); IL-8 (Fw: agagacagcagagcacacaa; Rw: ttagcactccttggcaaaac); IL-6 (Fw: tcaatgaggagacttgcctg; Rw: tgtactcatctgcacagcctc); HPRT (Fw: ttgctttccttggtcaggca; Rw: atccaacacttcgtggggtc); 18s rRNA (Fw: cttagagggacaagtggcg; Rw: acgctgagccagtcagtgta).



Histology

Perfused and fixed lungs (4% PFA in PBS, overnight at 4°C) were embedded in paraffin and sectioned in slides (4 μm), stained with Hematoxylin-eosin. Inflammation was scored with a semi-quantitative scale (0: no inflammation to 4: severe inflammation with exudate) both in alveolar and in peribronchial/interstitial lung compartments.



Statistical Analysis

Data were expressed as means ± standard errors of the mean (SEM) unless otherwise stated. One-way ANOVA was used to determine statistically significant differences among groups followed by Tukey's multiple test for comparisons. Survival curves in murine model experiments were plotted using Kaplan-Meier curves and statistical tests were performed using the Log-rank (Mantel-Cox) test. All analyses were performed with Prism version 7, GraphPad.




RESULTS


IAV Pre-Infection Exacerbates P. aeruginosa Inflammation in C57Bl/6 Murine Lungs

In survival experiments, neither IAV (not shown) nor PAO1 alone (Figure 1A), induced any fatalities of C57Bl/6 mice, at the doses used. In contrast, IAV pre-treatment followed by PAO1 infection induced the death of all animals (Figure 1A).
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FIGURE 1. IAV lung pre-infection sensitizes WT C57Bl/6 mice to further PAO1-mediated inflammation. (A) Survival experiment: C57Bl/6 WT mice were instilled i.n with either PBS or IAV (300 pfu) (two cohorts of six animals for each treatment). Four days later, mice were further instilled i.t with PAO1 (0.6.106 cfu), and mice survival was assessed, using Kaplan-Meier curves. Statistical tests were performed with the GraphPad Prism 6 package, using the Log-rank (Mantel-Cox) test, p = 0.0059. (B–K) Mechanistic experiment: at D0, C57Bl/6 WT mice were instilled i.n with either PBS or IAV (300 pfu). Four days later, mice were further instilled i.t with either PBS or PAO1 (2.106 cfu). At day 5, mice were sacrificed, and a bronchoalveolar lavage (BAL) was performed for cytospin cellular quantification (H–K). Lungs were also obtained, inflated, cut and used for histological observation (B–E) and inflammation scoring (F–G). NB: The three animals used for histology for the PBS/PAO1 and IAV/PAO1 groups all scored similarly, respectively 1 (n = 3) and 3 (n = 3). There are therefore no error bars. (B–E) (PBS/PBS; PBS/PAO1; IAV/PBS; IAV/PAO1, respectively): inflammatory lesions of treated lungs. Representative images of each condition on H&E slides at x20 original magnification. Scale bar: 200 μm. Stars indicate neutrophilic alveolar influx; arrow heads indicate perivascular and peribronchial mononuclear cell inflammation. Inserts are x40 magnification of cellular influx (mostly neutrophils in PBS-PAO1, mononuclear cells in IAV-PBS and a mix in IAV-PAO1). Results are shown as means ± SD. Statistical significance: ANOVA, multiple comparison, Tukey's test, with each point representing an individual mouse, *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.


In mechanistic experiments, C57Bl/6 mice infected with IAV (Figures 1D,F,G) or PAO1 (Figures 1C,F,G) exhibited increased lung tissue inflammation, compared to PBS mock-treated animals (Figures 1B,F,G). Neutrophils were the overwhelming cell type present after “PAO1 alone” infection, mainly in the alveoli (Figures 1C,F). By contrast, lymphocytes and monocytes (even though neutrophils were also present) were predominant in “IAV-alone”-infected animals and were mostly located in perivascular/peribronchial areas (Figures 1D,G).

Sequential IAV and PAO1 infections gave rise to increased neutrophilia, compared to “PAO1 alone” treatment (Figures 1E–G), especially in the peribronchial/perivascular areas, even though, notably, neither IL-17 nor IL-22 levels were increased over controls (Figures 2D–G).


[image: Figure 2]
FIGURE 2. IAV lung pre-infection sensitizes WT C57Bl/6 mice to further PAO1-mediated cytokine production. BAL supernatants (see Figure 1 legend) were further used for assessment of cytokines and mediators. Each symbol represent an individual mouse. Statistical significance: ANOVA, multiple comparison, Tukey's test, with each point representing an individual mouse, *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. (A) Lcn-2 levels, (B) IL-1b levels, (C) KC levels, (D) IL-17 levels, (E) CCL5 levels, (F) IFN-b levels, (G) IL-22 levels.


This tissue inflammation was mirrored in BALs (Figures 1H–K), showing increased cytokine and inflammatory mediators in infected animals (IL-1β, KC, CCL-5, Lcn2, Figures 2A–C,E,F). IL-1β levels were only significantly increased following “PAO1-alone” and after “IAV+PAO1” infections (Figure 2B). With the notable exception of IFN-β, which was reduced, when compared to IAV alone (Figure 2F), and IL-17 and IL-22, which were not increased (Figures 2D,G), all inflammatory parameters were increased in IAV + PAO1-treated animals, compared to IAV alone. Compared to “PAO1” alone, IL-1β, KC and CCL-5 were significantly increased in the “IAV + PAO1” treatment.

Inflammation resulted in lung injury, demonstrated by increased BAL hemoglobin levels, and again IAV pre-treatment potentiated the latter (Figure 3A). Potentially explaining this, BALF metalloprotease activity (MMP), as measured with a synthetic substrate, was increased in IAV-alone- and PAO1-alone-treated mice (Figure 3B). This activity was again potentiated, when IAV preceded PAO1 treatment. Using zymography, we further showed that MMP-9 was present and was clearly the most abundant MMP in BAL of IAV-infected animals (*, 3C), which was confirmed by ELISA (3D). Importantly, and specifically, IAV/PAO1 induced more MMP-9 than PAO1 alone (3D).
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FIGURE 3. IAV lung pre-infection sensitizes WT C57Bl/6 mice to further PAO1-mediated metalloprotease activity and lung injury. BAL supernatants (see Figure 1 legend) was further used for hemoglobin content (absorbance at 405 nm, A) and protease activity (B–H). (B) BAL metalloprotease bioactivity was assessed with the synthetic substrate 5-FAM-Ser-Pro-Leu-Ala-Gln-Ala-ValArg-Ser-Ser-Ser-Arg-Lys(5-TAMRA)-NH2 (35). (C) BAL metalloprotease bioactivity was also assessed by zymography. BALs from individual mice within the same experimental group (1: PBS/PBS; 2: PBS/PAO1; 3: IAV/PBS; 4: IAV/PAO1) were pooled and Pro-MMP-9 (*, left panel) intensity was assessed by densitometry (right panel). (D) BAL MMP-9 levels were measured by ELISA. (E) BAL trypsin-like activity was assessed with the synthetic substrate Boc-Phe-Ser-Arg-7-amido-4-méthylcoumarin (37). (F) BAL NE bioactivity was assessed with the synthetic substrate MeOSuc-Ala-Ala-Pro-Val-AMC (27). Lung extracts were also used for RNA preparation and RT-PCR analysis of M2 and oprL genes [as read-outs for IAV and PAO1 loads, respectively (G–H)]. Low and high RNA content is marked with an arrow indicating low (–) or high (+) level of expression. Results are shown as means ± SD. Statistical significance: ANOVA, multiple comparison, Tukey's test, with each point representing an individual mouse, *p < 0.05; **p <0.01; ***p < 0.001; ****p < 0.0001.


Other protease activities were also present in BAL, albeit at much lower concentrations: trypsin-like activity was mostly increased in PAO1-alone and IAV+PAO1 arms of the experiment (Figure 3E), compared to MMP levels.

NE BALF activity was also increased in PAO1-alone and in IAV+PAO1-treated mice, but very poorly in “IAV-alone” mice (Figure 3F).

Notably, neither IAV nor PAO1 influenced each other's infection, using M2 and oprL genes as a read-out for IAV and PAO1 loads, respectively (Figures 3G,H), suggesting that dysregulated direct antimicrobial activity was not a major player here.



Epithelial Cell Modeling of IAV/PAO1/IL-1b Stimulations

Because epithelial cells are the main IAV targets, the interactions studied above in vivo were then modeled in vitro in these cells. After a comparative study in NCI-H292, BEAS-2B, and A549 lung cells, we found (not shown) that A549 cells were most responsive to IAV-, IAV PAMPs-, PAO1-, and IL-1ß-mediated infection/stimulation, and these cells were therefore further studied below:

(a) IAV differentially regulate inflammatory/anti-viral and antimicrobial mediators in A549 cells.

We either infected A549 cells with IAV (moi 1) or stimulated them with either poly IC, 5′ ppp ds RNA, synthetic ligands for TLR-3, RIG-I and MDA-5, respectively, or with IL-1ß, a sterile inflammatory stimulus. We then measured the RNA and protein levels of a variety of mediators (cytokines, antimicrobial/anti-inflammatory molecules), all relevant to the in vivo model described in Figures 1–3.

At the RNA level (Figure 4: NB: ΔdCT values are inversely proportional to RNA levels, and arrows indicate gene expression +/–), we showed that IL-8 was clearly induced by IAV and IL-1ß (ΔdCT of −4 and −7.5 respectively, Figure 4B), but modestly by 5′ ppp dsRNA (ΔdCT of −1.0, Figure 4B) and at intermediate levels by poly-IC (ΔdCT of −4, Figure 4G). By contrast, CCL-5 RNA was robustly induced by all stimuli (ΔdCT of respectively −12, −10, −9.5, and −10, Figures 4C,H). Lcn-2 RNA was also strongly up-regulated by IL-1ß (ΔdCT of −7, Figure 4E), modestly by 5′ ppp dsRNA (Figure 4E) and even inhibited by poly IC (Figure 4J).
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FIGURE 4. IAV-, polyIC-, 5′ppp dsRNA-, and IL-1β- mediated induction of elafin, IL-8, CCL5, IFN- β, Lcn-2 RNA in A549 cells. At D0, A549 cells (24 wells plates, 70% confluence) were either left unstimulated (UN), infected with IAV (moi 1), or stimulated with either IL-1β (10 ng/ml), lipofectamine control (CLT lipo), 5′ ppp dsRNA (Invitrogen) or poly IC (Invitrogen), at various concentrations during 4 h at 37°C in OPTI-MEM medium. Cells were then washed, medium replenished, and 16 h later, cell lysates were recovered for further analysis of RNA (A–J), respectively, for elafin, IL-8, CCL5, IFN- β, Lcn-2. q-PCR analysis was performed, and results expressed as dCT (CT gene of interest-CT HPRT), with low and high values representing high and low levels of the gene of interest, respectively (marked with an arrow indicating low (–) or high (+) level of expression). Two independent experiments (individual symbols) were performed. Results are shown as means ± SD.


IFN-ß RNA stood alone since it was not induced by IL-1ß (Figure 4D), but was, as expected, strongly up-regulated by IAV, 5′ ppp dsRNA, and polyIC (ΔdCT of −11.5, −8, and −15, respectively, Figures 4D,I). When elafin, an antimicrobial molecule with anti-inflammatory/anti-NF-kb activity (27–30) was considered, IL-1ß was again clearly the greatest inducer of elafin mRNA (ΔdCT of −8, Figure 4A), with polyIC and IAV being strong and intermediate inducers (ΔdCT of −6.5 and −2, Figures 4A,F), respectively.

When protein levels were studied (Figure 5), we observed that IAV had important post-transcriptional regulatory activities: IAV clearly up-regulated IL-8, CCL-5, IFN-ß proteins (Figures 5B–D, respectively), in keeping with increased RNA levels, while having no effect on elafin and Lcn2 proteins (Figures 5A,E, respectively). Poly IC and 5′ ppp dsRNA effects were even more contrasted: poly IC slightly down-regulated the accumulation of IL-8 (Figure 5G) and drastically down-regulated that of elafin and Lcn-2 (Figures 5F,J) proteins, while very robustly inducing that of CCL-5 (Figure 5H) and IFN-ß (Figure 5I). Similarly, 5′ ppp dsRNA also sharply induced CCL-5 and IFN-ß protein accumulation (Figures 5C,D, respectively), in keeping with its effect on RNA, but had virtually no effect on elafin (Figure 5A), IL-8 (Figure 5B), or Lcn2 (Figure 5E) protein accumulation. These results demonstrated that IAV had specific down-regulatory post transcriptional activity on elafin and Lcn-2, and that its effect is mimicked by its nucleic acid analogs, either polyIC or 5′ppp dsRNA, suggesting an intra-cellular mode of action:

(b) IAV, but not PAO1, post-transcriptionally down-regulates elafin expression in A549 cells.
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FIGURE 5. IAV-, polyIC-, 5'ppp dsRNA- and IL-1β- mediated induction of elafin, IL-8, CCL5, IFN- β, Lcn-2 protein in A549 cells. The supernatants obtained from the experiments depicted in Figure 4 were recovered and used for protein measurement (ELISA) of elafin, IL-8, CCL5, IFN- β, Lcn-2 (A–J).


We then demonstrated in further in vitro independent experiments that the post-transcriptional regulation observed in Figures 4, 5, in which IAV induced RNA, but not protein levels of elafin, was indeed “IAV-specific,” since PAO1 up-regulated both RNA and protein levels of elafin and IL-8 instead (see Figures S1G,H,J,K and the Supplementary Materials).

(c) IAV exacerbates IL-1ß- and PAO1-mediated inflammatory responses and down-regulates elafin and Lcn-2 accumulation in A549 cells.

Having shown in vivo that IAV could exacerbate PAO1 responses (Figures 1–3) and that, studied individually, IAV alone (but not PAO1) could inhibit in vitro elafin and Lcn-2 protein production specifically (Figure 5 and Figure S1), we set up a “multi-hit inflammatory model” in A549 cells, where combinations of “mixes” were studied together (Figures 6, 7), similarly to the in vivo protocol. In addition to IAV and PAO1, IL-1ß was added in this model, as an important “first wave” cytokine up-regulated in vivo (Figure 2).
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FIGURE 6. Epithelial cell regulation of cytokines/chemokines and antimicrobials transcription in IAV/PAO1/IL-1β co-infection models. At D0, A549 cells (24 wells plates) were either uninfected or infected with IAV (moi 1) in serum-free medium for 1 h. After washing, and o/n incubation, cells were either replenished with fresh medium and left untreated (UN), or treated with either PAO1 alone (moi 1), IL-1β alone (10 ng/ml), or IL-1β + PAO1 (at the same doses). After a further 2 h, cells were washed with F12K medium containing tobramycin (40 μg/ml), to remove PAO1 load, and left for 24 h in medium. At the end of the incubation, at D2, supernatants and cell lysates were recovered, and cytokines/chemokines/antimicrobials were assessed for RNA (this figure) and protein levels (ELISAs, Figure 7). For RNA analysis, gene expression is marked with an arrow indicating low (–) or high (+) level of expression (see Figure 4 for the full explanation). Results are shown as means ± SD. Statistical significance: ANOVA, multiple comparison, Tukey's test, with each point representing an individual mouse, *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. (A) Elafin RNA, (B) IL-8 RNA, (C) CCL5 RNA, (D) hBD-2 RNA, (E) IFN-b RNA, (F) hBD-1 RNA, (G) Lcn-2 RNA, (H) LL-37 RNA, (I) S100 A8 RNA, (J) S100A9 RNA.
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FIGURE 7. Cytokines/chemokines and antimicrobials protein production in IAV/PAO1 and IAV/ IL-1β co-infection models. Elafin, IL-8, CCL5, and Lcn-2 protein content was assessed by ELISA in the supernatants from the experiment described in Figure 6. Results are shown as means ± SD. Statistical significance: ANOVA, multiple comparison, Tukey's test, with each point representing an individual mouse, *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. (A) Elafin levels, (B) Lcn-2 levels, (C) IL-8 levels, (D) CCL5 levels.


Echoing these in vivo data, we showed that all these agents up-regulated the transcription of many inflammatory/antimicrobial molecules in A549 cells, as evidenced by a reduction in dCT levels (Figure 6). Notably, compared to “PAO1 alone,” pre-infection with IAV followed by PAO1 infection further increased IL-8 (Figure 6B), CCL-5 (Figure 6C), hBD-1 (Figure 6F), and elafin (Figure 6A) mRNA levels.

IFN-ß inductions stood out as notable exceptions (Figure 6E), where only IAV-containing “mixes” were effective agonists, and LL-37 (Figure 6H), whose expression was relatively stable, in keeping with the described relative constitutiveness of this antimicrobial.

When protein levels were assessed in supernatants (Figure 7), IAV again demonstrated post-transcriptional regulation on elafin and Lcn-2; indeed, there was a trend for decreased elafin and Lcn-2 production in IAV + PAO1 treatments, compared to PAO1 alone, and IAV had a clear down-regulating effect on these mediators when “IAV+ IL-1β” and “IAV+ PAO1 + IL-1β” were compared to “IL-1β” and “IAV+ PAO1,” respectively (Figures 7A,B). Again, this regulatory effect was specific since, as demonstrated above, IAV clearly up-regulated IL-8 and CCL-5 proteins, compared to untreated cells, and did either not change for IL-8 (Figure 7C) or even increased for CCL-5 (Figure 7D) protein production, when cells were infected with IAV and further treated with PAO1 and/or IL-1β.

To assess whether the IAV regulatory effect was acting intra- or extra-cellularly, the levels of the same mediators were measured in A549 lysates (instead of in supernatants). We found that, mirroring the effects observed in A549 supernatants, IAV again down-regulated the IL-1β-mediated intracellular accumulation of elafin and Lcn2 (Figures 8A,B), but not those of IL-8 and CCL-5 (Figures 8C,D).
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FIGURE 8. IAV-mediated post-transcriptional regulation occurs intra-cellularly and in an Adenovirus-elafin reporter system in A549 cells. Top panel: A549 cells were treated as explained in the Figure 6 legend. Cell lysates were recovered and protein levels for elafin, Lcn-2, IL-8, CCL-5 (A–D, respectively) were measured by ELISA. Bottom panel: A549 cells were mock-infected or infected with IAV (moi =1), as explained above. After 16 h, cells were further infected with replication-deficient Adenovirus-h-elafin (33). After a further 24 h, A549 supernatants and lysates were recovered and elafin protein levels measured by ELISA (E,F respectively). In a subset experiment, cell lysates were recovered for q-PCR assessment of elafin RNA content. The latter is marked with an arrow indicating low (–) or high (+) level of expression (G) (see Figure 4 for full explanation). Results are shown as means ± SD. Statistical significance (except for G): ANOVA, multiple comparison, Tukey's test, with each point representing an individual mouse, *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001).


In addition, we also studied the IAV regulation of an exogenously added Adenovirus-h-elafin construct in A549 cells (Figures 8E–G) and found that IAV also down-regulated elafin accumulation in both supernatants and lysates (Figures 8E,F).

Importantly, this IAV-mediated down-regulation was not due to an interference of IAV with Ad infection, since IAV + Ad-h-elafin- RNA levels were even higher than in the Ad-elafin “alone” condition, as demonstrated with lower dCT levels; showing that the Ad vector efficiently delivered its genetic cargo (Figure 8G).



IAV Pre-Infection Down-Regulate Elafin Expression in vivo and Exacerbates P. aeruginosa Inflammation in Elafin-Over-Expressing Mice

Having demonstrated in vitro that IAV specifically inhibited elafin and Lcn-2 protein production in lung epithelial cells, two important antimicrobial/anti-inflammatory molecules (27–30, 38), we then tested whether this regulatory effect was also observed in vivo. Because C57Bl/6 WT mice are “natural KO” for elafin (34), this was tested in h-elafin over-expressers, using the Ad-h-elafin over-expressing system (33). Since elafin expression was only required in our protocol as a “read out target” for IAV, Ad-h-elafin was only given 16 h (at the same time as either PBS or PAO1) before animals were culled for analysis. Expectedly, given its anti-inflammatory nature as demonstrated previously (27–30), the PBS/Ad-elafin/PBS “Control” arm of the experiment did not induce any inflammation “per se,” as assessed by a “typical” percentage of macrophages and neutrophils recovered in BALs, 99 and 1%, respectively, Figures S2B–D. Importantly, although IAV did not decrease either basal or PAO1-induced lung elafin RNA levels (Figure 9A), it drastically reduced elafin protein accumulation in BALs, akin to that observed in vitro (Figure 9B). In contrast, IAV up-regulated both Lcn-2 RNA and protein levels (Figures 9C,D) and did not significantly affect PAO1-mediated Lcn-2 protein up-regulation (Figure 9D), contrary to that observed in vitro in epithelial cells.


[image: Figure 9]
FIGURE 9. IAV lung pre-infection sensitizes elafin over-expressing mice to further PAO1-mediated inflammation, metalloprotease activity, and lung injury. At D0, C57Bl/6 WT mice were instilled i.n with either PBS or IAV (300 pfu). Four days later, mice were further instilled i.t with Ad-elafin (3.106 pfu) plus either PBS or PAO1 (5.106 cfu). At day 5, mice were sacrificed, and a bronchoalveolar lavage (BAL) was performed. Lungs were also obtained, and RNA prepared for q-PCR assessment of elafin and Lcn-2 (A,C). BAL was also used for elafin and Lcn-2 protein measurements (B,D), and protease activity (E–G), using synthetic substrates, or zymography (J), as explained in the Figure 3 legend. (E) BAL trypsin-like activity; (F) BAL NE bioactivity; (G) BAL MMP bioactivity; (H) Lung PAO1 load was assessed by q-PCR by measuring oprL expression; (I) Lung IAV load was similarly measured by q-PCR (M2 gene). As for other Figures, gene expression is marked with an arrow indicating low (–) or high (+) level of expression. (J) MMP bio activity was assessed by zymography: BALs from individual mice within the same experimental group (1: PBS/PBS; 2: PBS/PAO1; 3: IAV/PBS; 4: IAV/PAO1) were pooled and Pro-MMP-9 (*, left panel) intensity was assessed by densitometry (right panel). (K) BAL MMP-9 levels were measured by ELISA. (L) Hemoglobin levels were measured by absorbance at 413 nm. Results are shown as means ± SD. Statistical significance: ANOVA, multiple comparison, Tukey's test, with each point representing an individual mouse, *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.


Irrespectively, infection of Ad-h-elafin-treated mice with either IAV or PAO1 exhibited increased inflammation, as assessed by BAL total inflammatory cells, neutrophilia (Figures S2A–F), increase in cytokine and antimicrobials levels (Figures S2G–N), protease activity (Figures 9E–G,J), and tissue injury (Figure 9L). This confirmed what was observed in WT C57Bl/6 mice (Figures 1–3), i.e., the exacerbated effect of IAV on PAO1 infection and the key involvement of metalloproteases, including MMP-9 (Figures 9G,J). Importantly again, as also demonstrated in WT C57Bl/6 mice (Figure 3G), neither IAV nor PAO1 influenced each other's infection (Figures 9H,I), reinforcing that dysregulated direct antimicrobial activity was not the major cause of IAV-induced inflammatory exacerbations. This was further strengthened by the use of the MMP inhibitor batimastat (see below, Figure 10). The latter was chosen because it does not inhibit LasB (39), quantitatively the most abundant PAO1 metalloprotease (30, 35), therefore allowing us to specifically address the effect of IAV on host (and not PAO1) metalloproteases. Importantly, because host proteases are known to be important for IAV replication (40, 41), and in order not to affect that cycle, batimastat was given “therapeutically” at D4 at the peak of IAV replication, at the same time as PAO1, and not “prophylactically” at the time of IAV infection (D0).


[image: Figure 10]
FIGURE 10. The metalloprotease batimastat delays lethality in IAV + PAO1 infection and reduces inflammation and lung injury. (A) Survival experiment: C57/Bl6 mice were instilled i.n with IAV (300 pfu). Four days later, mice were further instilled i.t with Ad-elafin (3.106 pfu) and PAO1 (1.105 cfu) +/– the metalloprotease inhibitor batimastat (200 μgs). Survival was then followed and analyzed using Kaplan-Meier curves. Statistical tests were performed with the GraphPad Prism 6 package, using the Log-rank (Mantel-Cox) test. (B–N) Mechanistic experiments: C57Bl/6 WT mice were instilled i.n with either PBS or IAV (300 pfu). Four days later, mice were further instilled i.t with Ad-elafin (3.106 pfu) and PAO1 (5.106 cfu) +/– batimastat (200 μgs). At day 5, mice were sacrificed, and a bronchoalveolar lavage (BAL) was performed. BAL fluid supernatant was used for MMP measurements (zymography, B, and MMP-9 ELISA, C), cystospin cellular quantification (D–G), ELISA assessment of a variety of mediators (H–K), hemoglobin measurements (L). Lungs and spleens were also harvested and used to measure PAO1 load (cfu counts on agarose plates, M and N, respectively). NB: in (M), bacteria numbers were too high to be counted with the required precision. The value was therefore set at the maximum countable, considering the dilution used, i.e., 108 bacteria. PAO1 and IAV load were also independently assessed by measuring by q-PCR oprL and M2 gene expression, O and P respectively. Gene expression is marked, as above, with an arrow indicating low (–) or high (+) level of expression. Results are shown as means ± SD. Statistical significance: ANOVA, multiple comparison, Tukey's test, with each point representing an individual mouse, *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.


We showed that batimastat delayed the lethality of mice co-infected with IAV and PAO1 (Figure 10A), and down-regulated gelatinolytic activity, including MMP-9 expression, as shown by zymography (Figure 10B), and ELISA (Figure 10C). In addition, batimastat treatment down-regulated neutrophilic inflammation (Figures 10D–G) and tissue injury (Figure 10L), confirming that MMPs are indeed instrumental in the IAV-subversion of lung tissue resilience.

Interestingly, the beneficial effect of batimastat did not extend to rescuing elafin protein levels (Figure 10I), and even down-regulated Lcn-2 accumulation (Figure 10J), suggesting that proteolytic digestion of elafin by MMPs was not at play here, neither in vivo nor in vitro (not shown). Interestingly, batimastat was strikingly associated with a sharp increase in PAO1 load in lungs (Figures 10M,O), assessed by two independent methods, and in spleen (Figure 10N), demonstrating bacterial translocation into the periphery, and suggesting again a clear dissociation increase between tissue resilience and resistance to PAO1. In contrast, batimastat did not influence IAV load (Figure 10P). Some of the above results are described in more detail in the Supplementary Material (Supplementary Material Results and Figure S2).




DISCUSSION

Bacterial superinfections are an established risk of primary viral infections (e.g., rhinovirus, Influenza virus). Among the many potential mechanisms advocated, previous studies have suggested that IAV might promote further bacterial outgrowth by down-regulating neutrophilic function (14–17) or antimicrobial molecules (18–20). Notably, most authors have modeled their studies using S. aureus or S. pneumoniae as the secondary bacterial “hit,” and despite its obvious clinical importance, no studies have, to our knowledge, comprehensively investigated mechanisms linking Influenza (IAV) and P. aeruginosa infections (16, 19). Using the latter combination, with the H3N2 and PAO1 strains, respectively, we show here in a variety of in vitro and in vivo models, that IAV dramatically down-regulates, at the post-transcriptional level, the antimicrobial/anti-inflammatory elafin/trappin-2 in vitro (Figures 4–8 and Figure S1) and in vivo in PAO1- (Figures 9, 10 and Figure S2) and IL-1β-mediated models of inflammation (Figures S3, S4 and Supplementary Material Results). Unfortunately, our attempts to determine whether other antimicrobial molecules might also be inhibited by IAV were thwarted by the previously reported unreliability of current available ELISA kits for antimicrobial molecules (not shown). An important exception was Lcn-2, which we also showed to be inhibited by IAV in vitro in epithelial cells (Figures 4, 5, 7), but not, unlike elafin, in vivo in mice lungs (Figures 9, 10 and Figure S3). Although the exact mechanism still remains obscure, IAV likely down-regulates, at least in vitro, an epithelial intra-cellular/cytosolic event, since elafin and Lcn2 intra-cellular protein levels were also drastically reduced (Figure 8).

Relatedly, in a previous study, Robinson et al. also showed that pre-infecting C57Bl/6 mice with PR8 H1N1 IAV down-regulated the antimicrobials Lcn2, RegIIIγ, and S100A8 mRNA levels upon further S. aureus infection, but the effect on protein levels was not reported, again likely because of the paucity of reliable ELISA kits (18). Relevantly, Mallia et al. showed that rhinovirus induced neutrophil elastase in COPD patients and suggests that the ensuing down-regulation of secretory leukocyte protease inhibitor and elafin is causative in triggering exacerbations in these patients (20). Relatedly, although no bacterial data were reported, in a transcriptomic study enrolling 1,610 individuals, 142 of which were followed for evaluation of acute viral respiratory illness, the elafin gene (PI3) was found to be the top downregulated gene in the acute phase of the Influenza infection, but not in the rhinovirus or other infection groups (42).

Regardless of the mechanisms, a reduction in some antimicrobial molecule levels, like elafin in our study, is certainly a plausible mechanism to explain further sensitivity to bacterial infections. However, although it has long been assumed that these molecules only have a direct bacteriostatic/bactericidal activity on microbes, it is now apparent that they have more complex and pleiotropic activities (43). Specifically, we have previously demonstrated that a 5 day local over-expression of elafin protected mice lungs against maladaptive neutrophilic inflammation in P.a infections (27, 28, 30), and also against Plasmodium-induced inflammation, through the induction of anti-inflammatory pathways (29). Importantly, the focus of the present study was not to “re-demonstrate” the protective effect of elafin against P.a (see above, 27), since elafin expression was short-lived in our Ad-elafin in vivo protocol (16 h), but allowed us, as discussed above, to demonstrate for the first time that it is down-regulated by IAV.

Equally as important, and indeed the initial focus of our study, was the demonstration that IAV pre-infection exacerbated further PAO1-mediated inflammatory responses, regardless of elafin presence (Ad-elafin protocol, Figure 9 and Figure S2), or of its absence (in C57Bl/6 WT mice, Figures 1–3). Indeed, in the context of IAV+ PAO1 infection, increased lung inflammatory cell influx, particularly neutrophils, which were activated, as evidenced by increased NE bioactivity, was associated with enhanced inflammatory markers, e.g., IL-1β, KC, and with an increase in protease (mainly MMP) activity, and with tissue injury.

Strengthening previously reported data that IAV can induce metalloproteases in the lung and other organs (44–48), we further demonstrated that induced MMP activity (including that of MMP-9) by IAV pre-infection was indeed likely an important factor in sensitization of mice to further PAO1-mediated lung damage, since the MMP inhibitor batimastat significantly delayed lethality (Figure 10A) and diminished inflammatory responses (Figures 10D–G) and tissue damage (Figure 10L).

Although the cellular source of MMPs was not investigated here, neutrophils are known to secrete MMP-2 and 9 and they were likely a significant source (48). Interestingly, there was very little NE bio-activity in BALs from “IAV-alone”-infected animals, suggesting that either MMPs are more readily secreted than NE post-IAV, or that “IAV-alone” induced the secretion of elastase inhibitors capable of blocking NE activity.

Importantly, in contrast to previous IAV/bacteria associations studied in the past, e.g., IAV/S.aureus; IAV/ S. pneumoniae, IAV pre-treatment did not condition the host to further PAO1 infection by restraining the IL-1β-IL-17 pathway (21, 22), and/or neutrophilic responses to bacteria (14–17). Although these differences may partly be explained by differences in the strains of Influenza used (H3N2 Scotland here), we believe that P.a may clearly respond differentially from other bacteria. This combination sets the scene for a furthered deleterious protease (MMP mainly) response and a down-regulation of elafin, a key anti-inflammatory molecule, resulting in increased tissue injury, where neutrophils probably play a major role (37, 49, 50).

In conclusion, as demonstrated by the fact that bacterial growth and dissemination does not equate with decreased survival (Figure 10), our data strengthen the concept (26, 51) that improvement of tissue resilience by inhibiting host proteases [(27–30), this study] and up-regulating antimicrobials/anti-inflammatory molecules inhibited by IAV, such as elafin (27–30) is not necessarily associated with bacterial clearance (specifically P.a in our study). Indeed, the MMP inhibitor batimastat even promoted bacterial dissemination, suggesting that MMPs might have anti-bacterial activities. This may have to be carefully considered in clinical situations where IAV/P.a co-infections are found (VAP, cystic fibrosis…).
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Stenotrophomonas maltophilia is a Gram-negative opportunistic pathogen that can chronically colonize the lungs of people with cystic fibrosis (CF) and is associated with lethal pulmonary hemorrhage in immunocompromised patients. Its secreted virulence factors include the extracellular serine proteases StmPR1, StmPR2, and StmPR3. To explore the impact of secreted virulence determinants on pulmonary mucosal defenses in CF, we examined the secretome of human CFBE41o- bronchial epithelial cells in response to treatment with S. maltophilia K279a cell culture supernatant (CS) using a liquid-chromatography-tandem mass spectrometry (LC-MS/MS) based label-free quantitative (LFQ) shotgun proteomics approach for global profiling of the cell secretome. Secretome analysis identified upregulated pathways mainly relating to biological adhesion and epithelial cell signaling in infection, whereas no specific pathways relating to the immune response were enriched. Further exploration of the potentially harmful effects of K279a CS on CF bronchial epithelial cells, demonstrated that K279a CS caused CFBE41o- cell condensation and detachment, reversible by the serine protease inhibitor PMSF. K279a CS also decreased trans-epithelial electrical resistance in CFBE41o- cell monolayers suggestive of disruption of tight junction complexes (TJC). This finding was corroborated by an observed increase in fluorescein isothiocyanate (FITC) dextran permeability and by demonstrating PMSF-sensitive degradation of the tight junction proteins ZO-1 and occludin, but not JAM-A or claudin-1. These observations demonstrating destruction of the CFBE41o- TJC provide a novel insight regarding the virulence of S. maltophilia and may explain the possible injurious effects of this bacterium on the CF bronchial epithelium and the pathogenic mechanism leading to lethal pulmonary hemorrhage.
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INTRODUCTION

Culture supernatant (CS) from bacteria, most notably Pseudomonas aeruginosa, has been used extensively to study host-pathogen interactions in the cystic fibrosis (CF) lung. Studies have explored its effects on TLR-induced inflammation (1), pro-inflammatory cytokine production (2, 3), innate immunity proteins (4–6) and degradation of extracellular matrix components (5, 7, 8), amongst others. However, there is a paucity of information regarding the effects of the important emerging CF pathogen, Stenotrophomonas maltophilia on airway epithelial cells in vitro. Given that the pathogenesis of S. maltophilia is complex and multifactorial, high-throughput technologies such as proteomics can help decipher differences in protein expression in composite circumstances such as host-pathogen interactions. Secretome analysis is a promising area of research permitting novel insights into the pathogenesis of different infections. Proteins secreted by a pathogen are present at the interface between the pathogen and the host cells and can thus regulate or mediate the host responses and cause disease (9).

The cell secretome is a collection of proteins that have been shed and proteins secreted by cells into the extracellular space and are important for maintaining cell-cell communication and proliferation. Examples of secretory proteins include extracellular matrix proteins, digestive enzymes, cytokines, chemokines, and growth factors (10). Identification of proteins released by cells into culture supernatants in vitro may help to better understand pathological conditions and mechanisms in vivo. For example, using high-throughput subcellular proteomics Lietzen et al. showed a robust secretion of different danger-associated molecular patterns in human macrophages in response to influenza A, and that the P2X7 receptor and Src tyrosine kinase activity are essential for inflammasome activation (11). Secretome analysis of A549 cells infected with Mycoplasma pneumoniae revealed higher levels of IL-33 mimicking in vivo conditions whereby higher than normal IL-33 levels are evident in plasma and bronchoalveolar lavage fluid from patients with M. pneumonia-associated pneumonia (12). Analysis of the in vitro proteome response of a human bronchial epithelial cell line to Aspergillus fumigatus demonstrated previously unknown aspects of bronchial epithelial cell behavior in response to infection including both cellular defense mechanisms and immune reactions (13).

Airway epithelial cells provide the first line of defense following exposure to inhaled infectious agents. Virulence factors such as secreted proteases expressed by S. maltophilia are likely to be important mediators of the pathogenic interaction between S. maltophilia and these cells. Indeed S. maltophilia has been shown to preferentially adhere along intercellular junctions, raising the possibility that tight junction dysfunction may be an important pathogenic mechanism of this bacterium (14). S. maltophilia has also been shown to induce morphological changes in fibroblast monolayers resulting in the cell layer partially condensing, formation of cell-free areas, and detachment from the culture plate (15). StmPR1 is likely a causative factor leading to the clinical observation of lethal pulmonary hemorrhage in those who are immunocompromised (16). Moreover, purified StmPr1 induces cell rounding and detachment of A549 cells by targeting cell integrin-extracellular matrix connections (matrilysis) as well as adherence and tight junction proteins for degradation (17, 18).

In this study, using K279a as the reference clinical strain for S. maltophilia infection, we provide an insight into host-pathogen interaction using a liquid-chromatography-tandem mass spectrometry (LC-MS/MS) based label-free quantitative shotgun proteomics approach for global profiling of the K279a CS treated human CFBE41o- (cystic fibrosis airway epithelial cell line) cell secretome. Using data from this secretomic analysis we examine the effects of K279a CS on epithelial barrier integrity and degradation of components of CFBE41o- cell tight junctions.



MATERIALS AND METHODS

Reference Bacterial Strain

K279a was used as the reference clinical strain for this work (19). K279a was cultivated by scraping the surface of the frozen bacterial stock (−80°C) with a sterile 10 μL inoculating loop, placed in Luria-Bertani broth (LBB) and incubated overnight at 37°C on an orbital shaker at 200 rpm prior to use. Working stocks were maintained on agar plates at 4°C for up to 2 weeks. Cultures were regularly examined for purity using MALDI-TOF mass spectrometry (MS) analysis.



Preparation of K279a Culture Supernatant (CS)

We have previously shown that Dulbecco's modified essential medium (DMEM) low glucose (5.6 mM) medium (Invitrogen) is the optimal growth medium for inducing K279a protease activity (20). To prepare a stock solution of K279a CS, 10 μL of an overnight K279a culture was inoculated in 6 x 15 mls of DMEM low glucose (5.6 mM) medium and grown for 48 h at 37°C on an orbital shaker. K279a CS was passed sequentially through 0.45-μm and 0.2-μm filters millex filters (Millipore Corporation, Bedford, MA). Culture supernatant (90 mls) was then concentrated using 5-kDa nominal-weight limit (NMWL) cut-off Amicon® Ultra-15 filter devices (Millipore Corporation, Bedford, MA). All concentrates were centrifuged at 4,000 × g and subsequently diafiltered by centrifugation with sterile DPBS to remove any low molecular weight contaminants including glucose and amino acids present in DMEM. An equivalent volume of DMEM was used as a negative control and for correction during protein quantification using the BCA (bicinchoninic acid) assay.



Measurement of K279a CS Protease Activity

Protease activity was measured using the SensoLyte Red Protease Fluorometric Assay Kit (AnaSpec) as previously described (20). Prior to treatment of CFBE41o- airway epithelial cells, protease activity based on the known concentration of protein in K279a CS was adjusted based on a standard curve of K279a CS protease activity (measured in RFU/min).



CFBE41o- Cell Culture

CFBE41o–, an SV40-transformed human ΔF508 homozygote bronchial epithelial cell line was maintained in 75 cm2 flasks at 37°C humidified CO2 incubator in minimal essential medium (MEM) supplemented with 10% fetal calf serum (FCS), 1% L-glutamine, 1% penicillin/streptomycin (Invitrogen). The cell line was originally obtained as a gift from D. Gruenert (California Pacific Medical Center Research Institute, San Francisco). Prior to treatment, cells were washed twice with sterile DPBS to remove excess FCS and were placed in serum free medium for 6 h. Immediately prior to treatment with K279a CS, cells were placed in fresh serum-free media.



Romanowsky Stain of CFBE41o- Cells

To visualize morphological effects CFB41o- cells were untreated (control) or treated with K279a CS for 16 h at 37°C. Cells were stained using the Hema–Rapid staining set GURR® (VWR, UK), air dried and then fixed in methanol for 5 s following by staining with reagent one and reagent two for 3 and 6 s, respectively. Images were captured using an Olympus CKX41 and processed using CELL B by Soft Imaging System (Olympus, Tokyo, Japan).



LDH CFBE41o- Cell Viability Assay

LDH assays were performed using the CytoTox 96® Non-Radioactive Cytotoxicity Assay (Promega, USA) according to the manufacturer's instructions. Absorbance was measured 490 nm on a microplate reader (Victor™ X3 Multilabel Plate Reader, PerkinElmer, Massachusetts, USA).



CFBE41o- Cell Secretome In-Solution Digestion (ISD) and Mass Spectrometry

CFBE41o- cells were grown to 90% confluence, washed twice with warm DPBS and then either left untreated (control) or treated with K279a CS (protease activity: 500 RFU/min) for16 h. Supernatants were harvested, centrifuged at 4,500 × g for 10 min at 4°C and concentrated using Amicon-Ultra centrifugal filters (3-kDa NMWL) and protein concentration was determined by the BCA assay. Samples concentrations were adjusted to contain 20 μg of protein in 50 μL of 50 mM NH4HCO3 buffer for in solution digestion. Concentrated secretome samples were stored at −80° until processing for in solution digestion and mass spectrometry as described in the Supplementary Methods.



Bioinformatic Data Analysis

Methods by which proteomic analysis, cellular localization of identified proteins, gene ontology analysis, prediction of disease related proteins using candidate gene prioritization and CFBE41o- cell secretome and sub-network analysis are described in the Supplementary Material.



Tight Junction Studies


Monolayer Culture and TEER Measurement

CFBE41o- cells were seeded at 5 × 105 cells/cm2 onto clear permeable filter inserts (Millipore Corporation, Bedford, MA, 6.5 mm diameter, 0.4 μm pore size), grown for 7 days prior to experiments, and medium was changed on alternate days. Prior to treatment, cells were washed with DPBS and the media replaced with serum free DMEM and allowed to equilibrate for 2 days prior to treatment. Tight junction integrity was assessed by measuring the TEER with an EVOM epithelial voltmeter in a Chopstick Electrode Set for EVOM (World Precision Instruments, Sarasota, FL, USA). The TEER of the background filter inserts was 20 Ω × cm2.



Fluorescein Isothiocyanate (FITC) Dextran Permeability Assay

Inserts were gently washed twice with 200 μL of Hanks' Balanced Salt Solution (HBSS), pre-warmed to 37°C then transferred using sterile tweezers, to a fresh 24 well plate. FITC-labeled dextran (10 kDa) was added (200 μL) to the upper chamber at a concentration of 0.5 mg/ml and 1 ml of pre-warmed HBSS added to the lower chamber. Cells were incubated for 1 h at 37°C. FITC dextran permeability was then measured by transferring 100 uL from each of the basal chambers to a black 96-well-plate and read using a microplate reader (Victor™ X3 Multilabel Plate Reader, PerkinElmer, Massachusetts, USA) at excitation 485 nm and emission 535 nm.




Western Blotting

CFBE41o- cells were washed in ice cold DBPS and lysed for 15 min in 100 μL of RIPA buffer [50 mM Tris-Cl (pH 7.6), 1 mM EDTA (pH), 0.5 mM EGTA, 1% Triton X-100, 0.1% sodium deoxycholate, 0.1% SDS and 140 mM NaCl] in the presence of a protease inhibitor cocktail (Calbiochem, 539132), centrifuged at 14,000 × g for 5 min at 4°C and then heated to 95°C for 5 min prior to the addition of reducing sample buffer. Fifty microgram CFBE41o- lysate was separated using SDS-PAGE, transferred to PVDF using a semi-dry Novex XCell SureLock blotting system (ThermoFisher) and membranes were blocked (3% w/v Marvel skimmed milk, 1% bovine serum albumin in 0.1% PBS-Tween) then incubated with the respective primary antibodies for ZO-1 (1:500, rabbit polyclonal, ThermoFisher Scientific, #61-7300), Occludin (1:500, rabbit polyclonal, ThermoFisher Scientific, #71-1500), JAM-A (1:500, rabbit polyclonal, ThermoFisher Scientific, #36-1700), or Claudin-1 (1:500, rabbit polyclonal, ThermoFisher Scientific, #71-7800) overnight. β-actin was used a loading control (1:10,000 mouse monoclonal, Merck Millipore, #MAB1501). Visualization of immunoreactive protein bands was achieved using secondary antibodies to rabbit (Anti-rabbit IgG, HRP-linked antibody, 1:2,000, Cell Signaling, #7074S) or mouse (Anti-mouse IgG, HRP-linked antibody, 1:2,000, Cell Signaling, #7076S) and Immobilon Western chemiluminescent HRP substrate (Millipore) and the Syngene G:Box Chemi XL gel documentation system. Densitometry was performed using the GeneSnap Syngene program (Synoptics).



Statistical Analysis

All statistical analyses were performed using GraphPad Prism 5.0 software package (San Diego, CA). All experiments were performed in triplicate and results are expressed as the mean ± SEM and were compared by Student's t-test (two-tailed) or analysis of variance where appropriate followed by Tukey post-hoc test for multiple comparisons where appropriate. Differences were considered significant at p ≤ 0.05.




RESULTS

Morphological Effects of K279a CS on CFBE41o- Cells

There are many example reports using bacterial CS to study the behavior of virulence factors in vitro (3, 21–23). As a first step toward assessing the role, if any, of secreted proteases in the pathogenesis of S. maltophilia pulmonary infection, we examined the effect of differing concentrations of K279a CS (5 and 10% v/v) on CFBE41o- cell monolayers compared with untreated control cells (Figure 1A). Monolayers incubated with K279a CS displayed morphological changes including cell condensation, rounding and detachment after incubation for 16 h, the effects of which were most pronounced in those treated with 10% v/v K279a CS (Figures 1B,C). To determine whether extracellular serine protease(s) were responsible for these effects, K279a proteases were inhibited using 1 mM PMSF. The destructive effect of K279a CS was prevented by incubation with PMSF, which has been shown to be a potent inhibitor of K279a protease activity (Figure 1D).
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FIGURE 1. Romanowsky stain (Hema-Gurr) of untreated and treated CFBE41o- cells with K279a CS in the absence and presence of PMSF. Wells were seeded with CFBE41o- cells (3 × 105 cells/ml) in MEM supplemented with 10% FCS and grown to 90% confluence in 24 well-tissue culture plates. The following day, medium was removed and washed twice with pre-warmed (37°C) DPBS to fully remove FCS. Cells were then placed in fresh serum free medium for 6 h prior to treatment. CFBE41o- cells were untreated (control, A) or incubated with 5% (B) or 10% v/v of K279a CS which was untreated (C) or treated with 1 mM PMSF (D) for 16 h. The following day the cell CS was removed and the remaining cells were stained using the Hema–Rapid staining set GURR® for hematology (VWR, UK). Cells were air dried and then fixed in methanol for 5 s following by staining with reagent one and reagent two for 3 and 6 s, respectively. Representative images were captured using an Olympus CKX41 and processed using CELL B by Soft Imaging System (Olympus, Tokyo, Japan).




Label-Free Quantitative (LFQ) Shotgun Proteomic Analysis of CFBE41o- Secretome Following Treatment With K279a CS

To further elucidate the potential pathological changes occurring in cystic fibrosis airway epithelial cells following S. maltophilia infection, we used label-free quantitative (LFQ) shotgun proteomic analysis of the CFBE41o- secretome following treatment with K279a CS. We compared the relative abundance of proteins between two experimental conditions, CFBE41o- cells left untreated (control) and those treated with K279a CS (with protease activity of 500 RFU/min). Cells were treated for 16 h in the presence or absence of K279a CS followed by collection of cell secreted proteins (24). A schematic representation of the experimental design is outlined in Supplementary Figure 1.

LDH cytotoxicity assay showed that treatment with K279a CS did not significantly affect CFBE41o- cell integrity within 16 h. Cells treated with K279a CS with the highest protease activity (5 × 103 RFU/min) released 40% greater LDH compared to control and the effect was prevented by PMSF. However, this was not statistically significant after correcting for multiple comparisons (Supplementary Figure 2).

Based on the LC-MS/MS data, 1290 proteins were identified, of which 972 ± 91 and 424.3 ± 9 were in the control group and the treatment group, respectively. A total of 376 proteins were included in the final analysis following filtration for proteins found in at least two out of three replicates in at least one group (Figure 2A). Among them, proteins were quantified on the basis of two or more peptides, with mean sequence coverage of 45.5 ± 17% (Figure 2B). Overall 271 statistically significant proteins were differentially expressed (Benjamini Hochberg false discovery rate <0.05) between treatment and control. Hierarchical clustering was also performed separately on the two groups (i.e., treated and untreated control), to determine proteins which were either up-regulated or down-regulated (Figure 3). Among those 271 proteins, 77 proteins were abundantly elevated in K279a CS treated cells, whereas 194 proteins were decreased (Figure 2C). A list of all identified and quantified proteins is presented in Supplementary Table 1.
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FIGURE 2. Label-free mass spectrometry secretome analyses of CFBE41o- cells treated with K279a CS. (A) Number of quantified proteins in the indicated protein fractions and experimental conditions. The mean and standard deviation are shown where necessary. (B) Box and whisker plots depicting the distribution of protein sequence coverage (coverage of tryptic peptides per protein in %). (C) Of the 376 proteins identified, statistically significant differentially expressed proteins (Benjamini Hochberg false discovery ratio 0.05) are shown in the volcano plot. Volcano plot analysis reveals that 271 proteins are significantly differentially expressed. Among the 271 proteins, 77 proteins were significantly elevated in CFBE41o- cells treated with K279a CS (green diamonds), whereas 194 proteins were significantly decreased (green squares). Abbreviations: CC, CFBE41o- cell control; CK, CFBE41o- cells treated with K279a CS.



[image: Figure 3]
FIGURE 3. Heat map of CFBE41o- cell secretome in response to K279a CS. Heatmap and dendrograms were produced by unsupervised hierarchical clustering (Euclidean distance with complete linkage) of the indicated 271 significantly differentially expressed proteins (two sample t-test <0.05). The row Z-score or scaled expression value of each feature is plotted in red–green color scale. The red color of the tile indicates high abundance and green indicates low abundance. Gray color in the heatmap indicates “not detected.” The adjacent tables show the gene names of the proteins associated with the indicated clusters. CC, CFBE41o- cell control; CK, CFBE41o- cells treated with K279a CS.




Characterization of Classically Secreted Proteins

Proteins classically secreted via an ER/Golgi dependent pathway normally have an amino-terminal secretion signal peptide sequence (25). We screened for both non-classically secreted (ER/Golgi independent pathway) proteins using SecretomeP and classically secreted proteins utilizing SignalP software. Of the 271 proteins, 79 were categorized as non-classical whereas 101 were designated as classically secreted. The shared agreement among the algorithms was good, with 52 entries fulfilling the set criteria for secretion through the classical pathway (SignalP prediction). Only 3 proteins were predicted to have a transmembrane (TM) domain while 98 proteins were not using SignalP-TM and SignalP-noTM to predict those proteins that might include TM regions. In contrast, TMHMM (a transmembrane helix prediction tool) predicted that 42 proteins had a TM domain. Phobius, a combined transmembrane topology and signal peptide predictor, predicted that 32 proteins contained both a signal peptide and a TM domain. This correlated well with combined SignalP and TMHMM analysis with 34 overlapping proteins predicted to have both a signal peptide and a TM. WoLF Psort was used to determine the subcellular location of the identified proteins, 77 proteins were determined as extracellular and represented 28% of the total number of quantified proteins. The remaining proteins were located in the cytoplasm (32.84%), nucleus (11.44%), mitochondrion (9.59%), plasma membrane (5.54%), and endoplasmic reticulum (ER, 4.43%) (Figure 4).


[image: Figure 4]
FIGURE 4. Five-Venn diagram and cellular locations of the identified proteins as predicted by bioinformatic analyses. The significant differentially expressed proteins (n = 271) were submitted to SignalP, Secretome P, Phobius, TMHMM, and WoLF Psort servers as outlined in the Materials and Methods section. Results from each program were compiled and the numbers of proteins predicted by each program individually were tabulated (Supplementary Table 1). (A) The numbers of proteins predicted by each program and all possible combinations are indicated in the Venn diagram (B) Location analysis of the differentially secreted proteins was based on WoLF Psort. Results are represented as percentage of the total number of analyzed proteins. Cyto, cytoplasm; Extr, extracellular; Mito, mitochondrion; Plas, plasma membrane; ER, endoplasmic reticulum; Cysk, cytoskeleton; Golg, Golgi apparatus; Nucl, nucleus; Pero, peroxisome.




Biological Significance of Identified Proteins

To understand the functional significance of the identified proteins, analyses of gene ontology for cellular component and biological function were classified using DAVID 6.8 (26). The analysis revealed major differences in the proteins that were differentially expressed in CFBE41o- cells treated with K279a CS compared to control. To enhance the power of disease-associated pathway detection, up-regulated and down-regulated proteins were analyzed separately [(27); Supplementary Figure 3]. Proteins residing in the extracellular region and extracellular matrix (ECM) were the most significantly altered in both groups but especially in the up-regulated proteins. Enrichment for cell junction was similar for both groups.

The terms biological adhesion, growth, and localization were enriched in the up-regulated proteins whereas cell killing, locomotion, and multi-organism process were enriched in down-regulated proteins. Notably, no significant differences in immune system processes were identified, indicating that the pathological response of CF bronchial epithelial cells in response to secreted S. maltophilia virulence factors may be structural rather than primarily immunostimulatory.



Identification of Candidate Disease Proteins From PPI Networks Based on Identified Differentially Regulated Proteins

Protein-protein interaction (PPI) networks are critical to comprehensively understand cellular mechanisms and function. They have emerged as an important resource for understanding data from proteomics experiments in order to identify proteins which could play important pathogenic roles in lung disease (28). The importance of PPIs in disease pathogenesis was recently demonstrated in CF. A detailed analysis of the CFTR interactome identified key novel interactors whose loss promoted enhanced CFTR channel function indicating that global remodeling of ΔF508 CFTR interactions is crucial for CFTR rescue (29).

Network analysis may reflect the biological processes more objectively than analyzing individual proteins. The first step is to identify proteins of interest and these inputs (or “seed proteins”) are used to search for interactions from a curated PPI database. Constructing a PPI network (PPIN) using only the seed proteins may miss potentially important disease associated proteins and so completing the network with first order interactors by utilizing probabilistic PPINs improves the detection of candidate disease related proteins and disease pathways. This principle suggests that clues to the function of a protein can be obtained by seeing whether it interacts with another protein of known function (30). However, expanding a PPIN from a given set of “seed proteins” often leads to a complex PPIN lacking spatiotemporal consideration. To avoid this so-called “hairball” effect and to increase the robustness of our analysis we searched for shared candidate disease proteins among the top 100 interactors as ranked by three prioritization tools: NetworkAnalyst, GeneMANIA, and ToppGene.

In NetworkAnalyst, 161 up- and 348 down-regulated nodes were generated and the top 90 and 100 candidate proteins, respectively, were ranked. The interaction data from 100 related proteins generated using label propagation in GeneMANIA are summarized in Supplementary Table 2. Using ToppGene, 4,189 up- and 5,631 down-regulated first-order interactors of seed proteins were identified and ranked according to the network-based prioritization method (k-Step Markov, step size = 6) with a neighborhood distance of 1. The ranked list of the top 100 candidate proteins from the three prioritization tools are summarized in Supplementary Tables 3–5.

Overall comparison between the three networks identified 27 candidate proteins which were identified in two or more prioritization tools in both up-regulated and down-regulated networks. A list of these proteins and their basic information is described in Supplementary Table 6.



Functional Classification of Identified Proteins

To better understand the nature of the identified proteins, KEGG pathway annotations were obtained. Eighteen pathways were significantly over-represented in the KEGG database (P < 0.01), 12 in the up-regulated and 6 in the down-regulated network. In the up-regulated proteins focal adhesion, various cancers, ECM-receptor interaction, EGFR/GRB2/KRAS (annotated here as dorso-ventral axis formation), and Gap and adherens junctions featured, as did pathways related to bacterial and parasitic infection (Supplementary Figure 4). In contrast, in the down-regulated protein network, pathways related to metabolism, protein processing in the ER and Parkinson's disease featured (Supplementary Figure 5).



PPIN Module-Based Analysis Following Treatment of CFBE41o- Cells With K279a CS

Seed proteins and candidate proteins identified in both the up-regulated and down-regulated datasets were used for the construction of the final PPI network using STRING v10.0. Cluster analysis using the Reactome Functional Interaction (FI) app (Reactome FIViz) in Cytoscape v3.4.0 divided the up-regulated and down-regulated PPINs into five and seven modules, respectively (module 1 was excluded from further analysis secondary to an FDR > 0.01) (Supplementary Figures 6, 7). The most interesting terms are highlighted in bold; these relate to biological adhesion and bacterial infection. A summary of the over-represented KEGG pathways related to bacterial infection and their associated proteins can be found in Table 1 and a summary of the over-represented KEGG pathways related to biological adhesion and their associated proteins can be found in Table 2.


Table 1. Proteins identified from KEGG pathways related to bacterial infection.
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Table 2. Proteins identified from KEGG pathways related to biological adhesion.
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Epithelial Barrier Integrity in CFBE41o- Cells Is Disrupted by Secreted K279a Serine Proteases

Using secretomics, we found that pathways related to biological adhesion and extracellular matrix components were significantly enriched following treatment with K279a CS. To extrapolate this further we sought to determine if serine proteases secreted by K279a had an effect on attachment of the CFBE41o- epithelial monolayer. Airway epithelial barrier function was determined by measuring TEER. In initial experiments, various concentrations of K279a CS with differing protease activity were added to the apical surface of CFBE41o- monolayers seeded in transwell permeable supports. Using repeated measures of analysis to evaluate the effect of K279a CS on TEER, apical treatment of CFBE41o- cell monolayers with K279a CS (protease activity of 5 × 103 RFU/min) significantly decreased monolayer resistance by 24 h (p < 0.002). The observed drop in TEER was protease mediated given the abrogation of the observed effects by PMSF (p = 0.007) (data not shown).

Further analysis of TEER kinetic curves demonstrated that addition of K279a CS to the apical surface of TEER monolayers resulted in a time-dependent decrease in monolayer resistance. TEER was significantly lower at 10 h in cells apically treated with K279a CS compared with controls cells (p < 0.0001) which indicated disruption of epithelial barrier integrity, the effect of which was prevented by PMSF (p = 0.0004). At 12 h, TEER was 60.1 ± 11.75% relative to the control (p < 0.0001; Figure 5A). In comparison, addition of K279a CS to the basolateral surface of CFBE41o- cell monolayers resulted in a significantly more rapid time-dependent decrease in monolayer resistance. After 4 h, cells treated with K279a CS had a lower TEER compared with controls (p < 0.0001). At 12 h, TEER was only 3.62 ± 0.09% relative to the control (p < 0.0001; Figure 5B). As observed in apically treated cells, this effect was abrogated in the presence of PMSF, which indicated that secreted serine protease(s) were responsible for this effect.


[image: Figure 5]
FIGURE 5. TEER in CFBE41o- monolayers following treatment with K279a CS. CFBE41o- cells were seeded at a density of 5 × 105 cells/cm2 onto clear permeable filter inserts (6.5 mm diameter, 0.4 μm pore size). Cells were grown for 7 days in MEM supplemented with 10% FCS and medium was changed on alternate days. Prior to treatment, cells were washed with DPBS to remove any residual FCS and the media replaced with serum free medium (SFM) and allowed to equilibrate for a further 48 h. The day before treatment cells were placed in fresh SFM overnight. CFBE41o- cell monolayers were left untreated (control) or treated with K279a CS (CS) (protease activity = 5 × 103 RFU/min) in the absence or presence of PMSF (1 mM). Transepithelial electrical resistance (TEER) was measured using an EVOM epithelial voltmeter in an Endohm-6 chamber. To construct TEER curves, measurements were taken every 2 h. (A) TEER curve of apically treated cells. (B) TEER curve of basolaterally treated cells. All results are representative of three independent experiments. Results are expressed as relative TEER to time zero (T0). Treatment vs. control: ****p ≤ 0.0001, ***p ≤ 0.001; Two-way-ANOVA followed by Tukey post-hoc test for multiple comparisons.




K279a CS Increase Paracellular Permeability to Macromolecular FITC-Dextran

We next assessed the permeability of K279a CS (protease activity = 5 × 103 RFU/min) treated CFBE41o- monolayers with the macromolecular tracer, FITC-dextran (10 kDa), which can only transverse the monolayer via the paracellular route. At 12 h, when the development of TEER was significantly reduced in both apically and basolaterally treated cells, the permeability of FITC-dextran was measured. Apically treated monolayers displayed a 2.393 ± 0.2108-fold increase in permeability to FITC-dextran compared with control (p = 0.009) whereas a 15.54 ± 2.882-fold increase was observed in basolaterally treated monolayers (p = 0.002). In both instances, the permeability of FITC-dextran was prevented by PMSF, linking K279a protease activity to increased paracellular macromolecular transport (Figure 6).


[image: Figure 6]
FIGURE 6. In vitro permeability assay to FITC-dextran in CFBE41o- monolayers treated with K279a CS. FITC-dextran permeability (RFU × 1,000) in CFBE41o- cell monolayers was assessed in apically and basolaterally treated compartments after 12 h following treatment with K279a proteases (5 × 103 RFU/min) in the absence and presence of PMSF. Increased permeability to FITC dextran was observed in apically treated cells (A) but the effect was more pronounced when monolayers were treated basolaterally (B). All measurements are means ± SEM from biological replicates. Treatment vs. control: **p ≤ 0.01, one-way ANOVA followed by Tukey post-hoc test for multiple comparisons.




Secreted K279a CS Degrade the Tight Junction Proteins ZO-1 and Occludin

Given that we observed a decline in TEER and increase in paracellular macromolecular permeability in CFBE41o- cell monolayers following treatment with K279a CS, we further investigated the integrity of tight junction proteins. Secretome analysis of CFBE41o- cells treated with K279a CS showed that the tight junction protein claudin-6 was up-regulated and that TJP1 or ZO-1 were identified as candidate disease associated proteins by PPIN analysis. We chose to examine the expression of ZO-1, occludin, JAM-A and claudin-1. Claudins 1, 3, 4, 5, 7, 8, and 18 are expressed in human bronchi and bronchioles whereas claudin-6 expression may be an effect of immortalization of the CFBE41o- epithelial cell line as it has been reported in non-small cell lung cancer (31) and in developing lung tissue (32). Therefore, we focussed on claudin-1 rather than claudin-6 as the expression of former is more constitutive in the adult lung epithelium.

CFBE41o- cells were either untreated (negative control) or treated with K279a CS (protease activity 5 × 103 RFU/min) in the presence or absence of PMSF (1 mM) for 4 h. Following normalization to negative controls and correction to β-actin (Figure 7A), ZO-1 (p < 0.0001) and occludin (p = 0.003) were significantly degraded, effects that were prevented in the presence of PMSF (Figures 7B,C). No significant changes for JAM-A or claudin-1 were observed (Figures 7D,E). Therefore, we concluded that extracellular serine proteases from S. maltophilia degrade the tight junction proteins ZO-1 and occludin, but not JAM-A or claudin-1.
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FIGURE 7. Effect of K279a CS on the tight junction proteins: ZO-1, occludin, JAM-A and claudin-1. CFBE41o- cells were seeded at a density of 1 × 106 cells/ml onto 100 mm Triple Vented Tissue Culture Dishes. Cells were grown to 90% confluence in MEM supplemented with 10% FCS and medium was changed on alternate days. Prior to treatment, cells were washed with DPBS to remove any residual FCS and the media replaced with serum free medium (SFM) and allowed to equilibrate overnight. On the day of treatment, cells were placed in fresh SFM and treated for 4 h. Cells were left untreated (control) or treated with K279a proteases (5 × 103 RFU/min) in the absence or presence of PMSF (1 mM). Western blots were performed on whole-cell lysates (50 μg of protein) from CFBE41o- cells probed with antibodies to β-actin (A), ZO-1 (B), occludin (C), JAM-A (D), and claudin-1 (E). Histograms represent the densitometric fold change in relative protein expression (relative to untreated controls) in response to treatment following correction with β-actin. All results (expressed as relative densitometry units) are representative of three independent experiments. All measurements are means ± SEM from biological replicates. ****P < 0.001, **P ≤ 0.01; one-way-ANOVA with Tukey correction for multiple comparisons.





DISCUSSION

In this study, we analyzed the proteins secreted by CFBE41o- cells in response to treatment with S. maltophilia K279a CS. In total we identified 77 proteins which were significantly up-regulated and 194 proteins which were significantly down-regulated in response to treatment. Gene ontology and pathway analysis demonstrated that biological adhesion and assembly of extracellular matrix components were significantly enriched terms within the up-regulated proteins whereas cellular metabolism was over-represented in the down-regulated proteins. Using the seed proteins identified from this study we identified candidate disease proteins to determine the effect of S. maltophilia on CF bronchial epithelial cells using PPIN analysis from three prioritization tools: NetworkAnalyst, GeneMANIA, and ToppGene. Using modular analysis of the PPIN generated from the seed proteins and candidate disease proteins we identified six modules related to bacterial infection and five modules related to biological adhesion.

Stenotrophomonas maltophilia has been shown to preferentially adhere along intercellular junctions, raising the possibility that tight junction dysfunction may be an important pathogenic mechanism of this bacterium (14). In our analysis epithelial cell signaling related to Helicobacter pylori infection was significantly over-represented in the up-regulated PPIN. H. pylori, a spiral, gram negative rod plays an important role in the pathogenesis of peptic ulcer disease and like S. maltophilia, it preferentially attaches to cell-cell interfaces (33). H. pylori can alter the function of the apical junctional complex resulting in changes of structure, function and morphology of gastric epithelial cells. Translocation of the protein CagA into these cells induces recruitment of the tight junction proteins ZO-1 and JAM to the sites of bacterial attachment and may serve to target and retain H. pylori at epithelial cell-cell junctions (34). In addition to alterations in tight junction assembly, H. pylori can alter expression of tight junction proteins. ZO-1 expression is decreased whereas claudin-4 is increased in H. pylori infected individuals indicating that damage to the gastric epithelial barrier function may be important in the pathogenesis of H. pylori peptic ulcer disease (35).

Stenotrophomonas maltophilia has been shown to induce morphological changes in fibroblast monolayers resulting in the cell layer partially condensing, formation of cell-free areas, and finally detachment from the culture plate (15). StmPR1 is a likely factor responsible for the clinical observation of lethal pulmonary hemorrhage in those who are immunocompromised (16). Although loss of structural components are important factors negatively affecting epithelial integrity, loss of function of key protease inhibitors and an increase in endogenous protease activity may also be relevant. TIMP1 and TIMP2, natural inhibitors of matrix metalloproteinases were down-regulated in response to K279a CS. We identified MMP2 (matrix metalloproteinase-2), a type IV collagenase as a candidate disease protein in the up-regulated protein network. P. aeruginosa has been shown to increase MMP-2 activity in CFBE41o- cells and a gain of functional MMP-2 and loss of function of TIMPs 1 and 2 are possible causes of epithelial damage in S. maltophilia lung disease (23). Other important anti-proteases which were down-regulated included alpha-1 antitrypsin and plasminogen activator inhibitor (PAI-1), an inhibitor of fibrinolysis, the absence of which predisposes the individual to a haemorrhagic diathesis. This is likely to have an important role in the pathogenesis of lung disease as S. maltophilia degrades the innate immune proteins: alpha-1 antitrypsin, secretory leukoprotease inhibitor and elafin (20).

In addition, the observed over enrichment of biological pathways involving biological adhesion indicated a possible causative role for secreted S. maltophilia proteases in disassembly of intercellular (tight, adherens, and gap) junctions. The cardinal work by Windhorst et al., examining the extracellular protease profile of S. maltophilia showed that the extracellular protease StmPR1 had significant pathological effects on fibroblasts and these effects were abrogated in the presence of the StmPR1 inhibitor chymostatin (15). Our observations using TEER measurements of CFBE41o- cell monolayers exposed to K279a CS are consistent with the suggested role of secreted extracellular proteases having a role in the pathogenesis of CF lung disease. Our conclusion is supported by several lines of evidence. Firstly, we demonstrated a significant disruption of the epithelial monolayer with morphological changes in cultured CFBE41o- cells which was abrogated in the presence of the protease inhibitor PMSF. Secondly, the TEER of CFBE41o- cells, which is higher than their non-CF counterparts, 16HBE14o- (36), was significantly reduced following treatment with K279a CS in comparison to the untreated control. Thirdly, the tight junction proteins ZO-1 and occludin but not JAM-A or claudin-1 were degraded in CFBE41o- cells following treatment with K279a CS, the effect of which was prevented by PMSF. The importance of this deleterious effect in the pathogenesis of CF has been demonstrated in other well-known CF pathogens, and disruption of epithelial barrier integrity may be one of the mechanisms inducing chronic inflammation in cystic fibrosis, similar to that observed in inflammatory bowel disease (37).

Like S. maltophilia, live P. aeruginosa is also capable of disrupting tight junctions in apically treated VA10 monolayers within 24 h of infection as measured by a gradual drop in TEER and a concomitant decrease in the expression of the tight junction protein, ZO-1 (22). P. aeruginosa have been shown to invade airway epithelial barriers by destroying tight junctions (38), while Pseudomonas elastase can disrupt the tight junction in human nasal epithelial cells by downregulating the transmembrane proteins claudin-1 and-4, occludin, and tricellulin (39). ER stress induced by P. aeruginosa has also been implicated as a cause of tight junction destruction in primary bronchial epithelial cells (40). More recently, a strong correlation between in vitro elastase activity of clinical isolates of P. aeruginosa and mucosal barrier dysfunction has been demonstrated. These changes were seen in conjunction with degradation of ZO-1, occludin and β-actin and implicate P. aeruginosa exoproteins in the pathophysiology of P. aeruginosa associated chronic rhinosinusitis by severely compromising mucosal barrier structure and function (41).

Others have shown similar effects using xps mutants of K279a, a key regulatory gene of the type II secretory system from S. maltophilia. DuMont et al. demonstrated rounding, detachment, and death of A549 cells, an adenocarcinoma human alveolar epithelial cell line, mediated via degradation of ECM components such as type I collagen and fibronectin by the major and minor extracellular proteases StmPr1 and StmPr2 (17, 42). More recently, we and others have identified an intermediate protease, StmPR3, as an additional potential virulence factor of S. maltophilia (18, 20). Interestingly, StmPr3 showed xps-mediated rounding and detachment of A549 cells, as well as xps-mediated degradation of fibronectin, fibrinogen, and interleukin-8 (IL-8), similar to StmPR1 and StmPR2 (18). Additionally, purified StmPR1 has been shown to degrade the tight junction protein occludin and the basolaterally expressed adherens junction protein E-cadherin. The observed ability of StmPR1 to degrade E-cadherin within 1 h of co-incubation may in part explain the relative increased speeds of TEER reduction seen here following treatment of the basolateral compartment with K279a CS compared to the apical one (18). From a clinical perspective, continued exposure of the immunocompetent host epithelium to S. maltophilia proteases may induce microbleeds in the lung such as in the context of CF. However, in the immunocompromised host the inability of the host to control the virulence of the pathogen could permit access to the basolateral compartment of the pulmonary epithelium leading to pulmonary hemorrhage.

The ability of extracellular serine proteases from S. maltophilia to denude the airway epithelium likely confers a growth advantage for the bacterium. K279a and other clinical isolates of S. maltophilia have siderophore-like activity when grown at 37 °C in low-iron media and a mutation in one of the predicted biosynthesis genes (entC) impairs the production of the siderophore and reduces bacterial growth in low-iron conditions (43). The ability of S. maltophilia to cause microbleeds within the CF lung likely has beneficial effects for growth of the organism in vivo but harmful effects for the host. Degradation of host iron-containing proteins by neutrophil elastase in the CF lung is a source of iron (44) that can promote growth of S. maltophilia via FecA mediated transport of exogenous siderophore ferric citrate from the environment into the bacterial periplasm (45). Moreover, release of haem can be harmful to the CF patient as haem can stimulate IL-8 from CFBE41o- cells (46).

This study has a number of limitations. Firstly, K279a, the reference clinical strain of S. maltophilia used in this work was isolated from the blood of a cancer patient and its virulence determinants may differ from CF strains of the bacterium (47). However, there is considerable overlap in the major extracellular protease gene (StmPR1) between CF S. maltophilia isolates and K279a with 70% of CF-derived strains carrying the 1,621-bp allelic variant of StmPr1 present in the K279a reference genome (48). Secondly, we did not specifically examine the ability of endogenous antiproteases [e.g., alpha-1 antitrypsin (AAT)] to abrogate the effect of extracellular proteases in K279a CS on epithelial barrier integrity. Thirdly, by maintaining CFBE41o- cell monolayers in a submerged culture rather than at an air-liquid interface there may have been a dilutional effect which may have reduced the inhibitory ability of endogenous antiproteases on K279a CS. Alpha-1 antitrypsin is an endogenous inhibitor of neutrophil elastase with an extracellular pulmonary epithelial concentration ~10% that of serum levels (49). While production of AAT and other antiproteases are normal in CF, the neutrophil elastase burden is so large that it overwhelms the normal anti–neutrophil elastase protection (50). We have recently shown that K279a CS is capable of degrading the endogenous proteases inhibitors AAT, SLPI, and elafin (20) and thus chronic colonization with S. maltophilia is an additional combatant to overwhelm the anti-protease armory within the CF lung. The use of aerosolised AAT is an attractive therapeutic option. Not only could it inhibit NE mediated IL-8, TNF-α, and LTB4 production (50), but it may also potentially inhibit extracellular bacterial proteases including those from S. maltophilia.

In conclusion, using secretomics we have provided a unique insight into the pathogenesis of S. maltophilia in CF lung disease. Using this data we have shown that one of the primary pathogenic mechanisms in S. maltophilia infection involves disruption of epithelial barrier integrity. We confirmed this by demonstrating a time dependent reduction in TEER and an increase in paracellular permeability, an effect mediated by degradation of the tight junction proteins ZO-1 and occludin. Future work to examine the relative contribution of purified StmPR1, StmPR2, and StmPR3 and mutant K279a strains lacking the aforementioned proteases will shed further light on the pathogenic potential of this emerging multi-drug resistant CF pathogen.
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In response to recurrent infection in cystic fibrosis (CF), powerful innate immune signals trigger polymorphonuclear neutrophil recruitment into the airway lumen. Exaggerated neutrophil proteolytic activity results in sustained inflammation and scarring of the airways. Consequently, neutrophils and their secretions are reliable clinical biomarkers of lung disease progression. As neutrophils are required to clear infection and yet a direct cause of airway damage, modulating adverse neutrophil activity while preserving their pathogen fighting function remains a key area of CF research. The factors that drive their pathological behavior are still under investigation, especially in early disease when aberrant neutrophil behavior first becomes evident. Here we examine the latest findings of neutrophils in pediatric CF lung disease and proposed mechanisms of their pathogenicity. Highlighted in this review are current and emerging experimental methods for assessing CF mucosal immunity and human neutrophil function in the laboratory.
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INTRODUCTION

Polymorphonuclear neutrophils are the most abundant immune cells in human blood and act as first responders to sites of infection. Their function is a key component of host defense against invading pathogens. In the autosomal recessive disorder cystic fibrosis (CF), persistent microbial colonization in the lungs induces abundant and continuous migration of neutrophils to the airways via powerful inflammatory signals of IL-6, IL-8, and leukotriene B4 (1). Recruited CF neutrophils secrete high levels of proteolytic compounds such as neutrophil elastase (NE), which damage airway tissue and highly correlate with disease severity (2, 3). Despite recognition of neutrophils in the progression of CF lung disease, mechanisms modulating their pathological role are not well-characterized. Past investigations have been hampered by a lack of widely available CF animal models and no suitable in vitro infection models that effectively incorporate multiple factors driving complex in vivo disease. New data from modern clinical studies are changing the view that neutrophils are a fixed population and are revealing a spectrum of functional phenotypes neutrophils employ to address the variety of pathogenic scenarios they encounter (4). Understanding neutrophil phenotypes and mechanisms in early CF disease, when the airway environment is less complex and more responsive to intervention, will require researchers to revisit or adapt many models of CF. With this review, we present new insights, challenges, and considerations for researchers studying neutrophils in early CF lung disease.



PEDIATRIC CF LUNG DISEASE

The clinical picture of early life cystic fibrosis has changed significantly since CF was first identified in the mid twentieth century, when patients rarely survived to the age of 10 (5). Improvements in diagnostics, from sweat tests to genetic testing, and wider screening of newborns by immunoreactive trypsinogen, has permitted earlier detection of CF and management of the disease. Increased antibacterial therapy, mucolytic and osmotic agents, and the advent of CFTR modulators have further increased the lifespan of many CF patients to beyond 40 years of age (6). Despite these advances, signs of airway inflammation and lung damage are still evident in CF from an early age. In 2005, a pioneering study assessing bronchoalveolar lavage fluid (BALF) after CF newborn screening demonstrated that infection in the first year of life is linked to early airway inflammation (7). Subsequent surveillance studies have now established that for most children, inflammation, altered microbiome, active neutrophil proteolytic function, and lung damage all become evident within the first 2 years of life (8–11), before children are old enough to be treated with CFTR modulators (12, 13). Lung function declines can be evident in infants and continue into childhood (14–16). However, early airway disease can occur in the absence of overt respiratory symptoms (17) or infection (18, 19). Computed Tomography (CT) screening has revealed that CF associated structural changes diagnosed in early life persist into childhood and adolescence. Permanent bronchial wall thickening, or bronchiectasis, is detectable in about 8.5% of pediatric CF patients in the first year of life, and this increases to 36% by 4 years (8). In addition to cytokine release, neutrophil influx into early CF airways may be supported by chemotactic fragments from the extracellular matrix (20, 21). Overall, CF lung damage and declines in function are linked to neutrophil counts and levels of neutrophil proteases, that are often a response to early incidence of infection. Understanding the pathology of early lung disease as it appears today will be key to maximizing long-term benefits from subsequent CFTR modulator therapies.



NEUTROPHILS IN CF AIRWAYS


Neutrophil Elastase and Serine Proteases

Early in vertebrate immunity, neutrophils evolved a granule system to separately store enzymes and antimicrobial factors safely until fused with a phagosome (22). Neutrophil elastase (NE) and other serine proteases are a central component of the neutrophil antimicrobial arsenal, stored in the primary granules that are the last granule to mobilize and are highly resistant to fusion with the outer membrane (23). Yet uninhibited NE activity can be detected in over 30% of BALF samples from young children with CF (11, 24). Activity of NE is considered one of the most significant biomarkers in CF lung disease, as activity significantly correlates with lung damage and functional declines at all stages of life with CF (25–28). Unregulated activity is destructive to airway epithelial cells and the lamina propria, and can impede microbial clearance through destruction of host immune factors (29). In vitro and in vivo studies have demonstrated how elevated NE activity induces epithelial senescence in CF airway cells (30, 31), prevents epithelial repair mechanisms (24), and is a key driver of airway inflammation and mucus production (25–28). Neutrophil Elastase and other serine proteases digest a variety of host proteins, suggesting multiple mechanisms that implicate these compounds in CF airway pathology. Along with neutrophil serine proteases cathepsin G and proteinase 3, NE directly interacts with cytokines, including IL-8 and IL-1α, increasing their potency (32–34). Counter-intuitively, serine proteases also degrade antimicrobial peptides (AMPs), including lactoferrin, midkine, and surfactant protein-A (SP-A) (35–37). In particular, NE has been shown to degrade pattern recognition receptors including toll-like receptor 4 (TLR4), reducing bacterial lipopolysaccharide (LPS) sensitivity and increasing inflammation (38). In addition to modulating mucosal immunity, serine proteases may promote airway epithelial dysfunction in CF. For example, NE cleaves E-cadherin, an important component of adherens junctions, compromising epithelial integrity (39). It also induces CFTR protein degradation by calpain activity in both in vitro epithelial cells and in vivo mouse models, resulting in impaired channel function as well as increasing sodium transport into cells through proteolytic activation of sodium ion channels (ENaC) (40–42).



Cysteine Proteases, Matrix Metalloproteinases, and Reactive Oxygen Species

In addition to NE and other enzymes found in primary granules, additional neutrophil derived compounds may contribute to CF airway pathology. Crucial for intracellular degradation of pathogens, secreted cysteine proteases have similar deleterious effects as their serine counterparts. Cathepsins B and S positively correlate with clinical markers of inflammation in pediatric CF airways, including NE, IL-8, and TNFα (43, 44). They selectively maintain neutrophil influx through activation of chemokines containing glutamic acid-leucine-arginine (ELR) motifs and inactivation of lymphocyte attracting non-ELR chemokines (45). Similar to serine proteases, cathepsins can compromise immunity through degradation of AMPs such as lactoferrin, LL-37, SP-A, and β-defensins (46–49). Cathepsins B and S are also implicated in airway mucus dehydration through induction of ENaC activity (50, 51). Matrix metalloproteinases (MMPs) are additional proteases implicated in CF associated with airway remodeling following lung injury. They can originate from any tissue, but neutrophil derived MMP-9 is particularly linked to airway damage, inflammation, and lung function decline in early CF (52, 53). Furthermore, MMP-9 sustains airway neutrophilia through potentiation of IL-8 and generation of proline-glycine-proline (PGP) matrikine fragments from breakdown of collagen (21, 54). Upon phagocytosis of pathogens, neutrophils produce large amounts of superoxide radicals for microbial killing. Broadly termed reactive oxygen species (ROS), neutrophils are among the most potent producers of these compounds (55). Oxidative stress as shown by elevated airway ROS is observed in chronic obstructive pulmonary disease (COPD) as well as CF (56–58). Increased ROS production results in destruction of antiproteases, which are crucial for protecting tissue from unregulated proteolysis (59, 60). In the context of CF, ROS may impede the function of antiproteases such as alpha-1-antitrypsin, an important NE inhibitor, prolonging airway neutrophil proteolytic activity (24, 61).



CFTR in Neutrophils

A central conundrum of CF is why proteolytic activity develops in such early, mild stages of CF lung inflammation. One obvious area of investigation has been whether neutrophil dysfunction in CF airways is exclusively influenced by factors in the lung environment or is also a consequence of inherent CFTR defects. Since the discovery of the CFTR gene, there have been studies suggesting CFTR protein is routinely expressed in cells of myeloid origin and has a role in microbial clearance within phagosomes (62–64). Hypochlorous acid (HOCl) is an important antimicrobial component of neutrophil phagosomes whose formation is proposed to be dependent on CFTR-mediated chloride ion transport (65). CFTR is reported to traffic to phagosomal membranes in peripheral blood neutrophils, with CFTR mutation resulting in defective phagosomal chlorination, affecting clearance of microbes such as P. aeruginosa (66–68). Contrasting findings have shown normal respiratory burst activity and production of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase components in CF blood neutrophils and no detectable CFTR protein in these cells (69). Additional evidence for the role of CFTR in neutrophils comes from a small number of studies showing restoration of CF neutrophil functions including CFTR phagosomal trafficking (67), leukocyte activation (70), and intracellular ion regulation (71) in response to CFTR modulator treatment. Still, further research is needed to clarify the presence and function of CFTR in neutrophils, and how defects in the gene influence the pathological activity of CF airway neutrophils. One consistent observation is a CFTR mutation dependent effect on in vivo neutrophil lifespan, with CF neutrophils displaying delayed apoptosis compared to non-CF neutrophils, possibly preventing resolution of neutrophilic inflammation (72–74). The most recent of these studies demonstrated a link between delayed apoptosis by CF neutrophils and propensity to form neutrophil extracellular traps (74).



Neutrophil Extracellular Traps

The identification of neutrophil extracellular traps (NETs), extracellular networks of DNA containing azurophilic granules, neutrophil elastase and other antimicrobial components, was a significant event in neutrophil biology (75). NET formation was initially viewed as a form of active cell death upon which nuclear and granular membranes were disintegrated, contents ejected and mixed in the cytoplasm, then released upon deterioration of the cell membrane (76). The process was later termed NETosis and proposed to be an alternative strategy used by neutrophils upon failing to clear infection via traditional phagocytosis. While NETs can trap and neutralize invading pathogens, the extent of their microbe killing abilities is debated (77, 78). A significant amount of research into NETosis has been undertaken, as recently reviewed by this journal (79). Multiple studies have described forms of NETosis that result in mitochondrial DNA release rather than nuclear DNA, or allow neutrophils to remain viable and motile after NET formation (80–83). The ability of NETs to harbor NE, the presence of NET derived DNA in CF sputum, and increased pathogen resistance in response to NETs, suggest NETosis is likely to play a role in CF lung disease (84, 85). Yet the question remains on how frequently NETosis occurs during early CF airway inflammation, prior to significant biofilm formation that reduces availability of bacteria to neutrophils.



Neutrophil Exocytosis

Perhaps the most intriguing hypothesis explaining early airway neutrophil proteolytic activity is that upon recruitment to CF airways, neutrophils reprogram toward an aberrant granular-releasing, immunoregulatory, and metabolically distinct (GRIM) phenotype that includes exocytosis of primary granules—as evidenced by high CD63 expression (86–88). The GRIM phenotype is specific to recruited neutrophils as peripheral blood neutrophils from CF patients exhibit a normal phenotype (89). However, when naïve neutrophils from either CF or non-CF donors are stimulated in an in vitro transmigration model of neutrophil recruitment by adult CF BALF or sputum, cells from both groups of donors undergo GRIM reprogramming (89). While factors such as tumor necrosis factor-alpha (TNF-α) can prime exocytosis of neutrophil azurophilic granules (90), Forrest and colleagues observed GRIM reprogramming only upon stimulation with ex vivo CF samples but not with exogenously added chemokines, suggesting a yet unidentified factor in CF airways is responsible for changes in neutrophil activity (89).

Most significantly, GRIM neutrophils were also found to have reduced bacterial killing capacity, which aligns with the apparent disconnect between NE release and inability to resolve infection in CF airways (89). More recent studies have reported how Staphylococcal superantigen-like protein 13 (SSL13) from Staphylococcus aureus, a common early CF pathogen, can induce neutrophil exocytosis (91) and whose production is evident in the CF microbiome (92). In an age related cohort of non-CF children admitted for acute respiratory distress syndrome (ARDS), neutrophil exocytosis and reduced bacterial killing was observed in individuals co-infected with virus and bacteria but not viral infection alone, suggesting that neutrophil exocytosis may be linked to responses against polymicrobial infection (93). This relationship with infection is yet to be established in early CF disease, however neutrophil exocytosis markers correlate positively with disease severity more so than free NE activity (11). Therefore, changes in airway neutrophil functional markers may be more reliable indicators of disease progression in children with CF and should be a focus of early CF lung disease research.




MODELING INFECTION AND INFLAMMATION

Characterizing the early mechanisms that trigger phenotype shifts in airway neutrophils may be key for preventing progressive lung disease. Clinical surveillance gives valuable insights into disease phenotypes in vivo, however, basic science is crucial for understanding the biology of CF lung disease and the role of the airway epithelium. Over the years, researchers have developed a variety of approaches for this purpose (Figure 1). The following is a summary of some of the more important, biologically relevant models currently in use to study infection and inflammation in CF airways.


[image: Figure 1]
FIGURE 1. Comparison of model systems for studying CF lung disease.



Animal Models

While CFTR mutant and knockout mice were developed shortly after discovery of the CFTR gene, their use as animal models for CF lung disease is controversial as they lack a robust CF lung phenotype of spontaneous infection and disease (94–97). Despite extensive similarity, mouse immune cells can behave differently to human counterparts in their response to pathogens, for example, murine neutrophils are not activated by SSL13 (91). Mice also express toll-like receptor 11 (TLR11), a TLR not expressed in humans, that detects profilin and bacterial flagellin (98). Still, mouse models of induced airway infection have provided insights into CF airway inflammation and disease. Studies of acute Pseudomonas aeruginosa infection have observed poor growth, increased mortality, and reduced bacterial clearance in CF vs. wild-type mice (99, 100). Additionally, CF mice have exaggerated levels of murine inflammatory cytokines and airway neutrophilia in response to infection, as well as prolonged inflammation compared to wild-type mice (101, 102). Most of these studies have inoculated animals through intratracheal delivery of agarose beads embedded with bacteria, an unrealistic representation of how CF patients normally acquire these organisms. Of interest has been the observation that environmental acquisition of P. aeruginosa can be modeled in mice through inoculated drinking water, with CF mice more susceptible to chronic colonization via this route (103). Chronic exposure of CF mice to P. aeruginosa LPS also results in increased airway inflammation, neutrophilia and airway remodeling (104, 105). A common theme emerging from these studies, is that neutrophils and their products play a central role in CF lung pathology. With the development of Cre recombinase mice targeting the neutrophil-specific locus Ly6G (106), future studies utilizing this model will continue to play a very useful role in elucidating CF airway neutrophil biology.

The more physiologically relevant animal model for studying CF lung disease include CFTR disrupted pigs and ferrets, as they recapitulate the CF phenotype across all organ systems implicated in human disease (107). Both models were developed just over a decade ago using adenoviral vectors, generating CFTR full or partial knockout animals in both species via exon 10 disruption, as well as a ΔF508 pig (108–110). Pigs are suitable human disease models due to their analogous physiology, and in the case of respiratory disease, similar bronchial structure and distribution of submucosal glands (111). CF pigs have CFTR protein similar to that of humans (112). Neonatal CF pigs have little airway inflammation and normal levels of IL-8 and neutrophil counts in BAL compared to non-CF pigs (109). Neonatal CF pigs also have increased presence of microbes in the lungs as shown by culture from ex vivo tissue samples, and are less likely to have sterile BAL samples compared to non-CF pigs (113). In the months following birth, CF pigs develop signs of lung disease such as mucus accumulation, inflammation, infection, and airway remodeling (113). While lung disease progression in the CF pig model reflects progression in humans, there are obvious drawbacks of cost and time of pig husbandry and the need of adequate facilities and resources. Furthermore, virtually all CF pigs develop meconium ileus and require early surgical intervention; in contrast, the condition is present in only 20% of infants with CF (109, 113, 114).

Ferret CFTR protein length, amino acid sequence, and function is also similar to that of humans (115). Like CF humans, CF ferrets are prone to spontaneous airway infection; however, infection in these animals is far more severe, with CF ferrets requiring continuous antibiotic treatment immediately after birth to survive (116). Additionally, CF ferrets demonstrate abnormally high levels of lung inflammation from birth, and lung disease progresses rapidly upon cessation of prophylactic antibiotics (117, 118). As a result, CF ferrets may not be an ideal system to model the slow progressive lung disease observed in humans, as their disease phenotype develops too quickly. However, a recent study developed homozygous CFTRG551D/G551D ferrets to test effects of in utero treatment with VX-770 (ivacaftor) (119). Prenatal and early postnatal administration ameliorated CF multi-organ disease, posing new research questions around CFTR in early development, the possibility of prenatal modulator therapy, and disease attenuation in CF animals to further study effects of modulator treatment or model mild disease in humans. While neutrophil counts and elastase activity in CF animals trend similarly to human disease, neutrophil reprogramming has yet to be evaluated. Future studies must assess airway neutrophil exocytosis and lung disease severity in CF animals to determine if they are suitable models for characterizing this process in humans.



Primary Airway Epithelial Cells

While animal models allow observation of gross phenotype of disease, in vitro studies permit experimentation in a highly controlled environment and are important for understanding mechanisms of disease at the cellular level. The accepted gold standard for in vitro CF research are patient derived primary airway epithelial cells (pAEC). As a barrier that protects the lung from direct environmental exposure, the airway epithelium has long been recognized for its role in host defense and respiratory disease (120–125). Cells are typically isolated from epithelial brushings of the nose or lower airways, or less frequently from explanted lungs (126, 127). Yields from brushings are variable and ex vivo pAEC have limited proliferative capacity; they become senescent after only a few passages making them difficult to expand in culture (126, 127). The adaptation of conditionally reprogrammed airway epithelial cells (CRAEC) through co-culture with irradiated fibroblast feeder cells has significantly increased passage number capacity of pAEC, while maintaining lineage specific characteristics (128). Additionally, CRAEC can be seeded from co-culture into air-liquid interface culture (ALI) to form a differentiated pseudostratified epithelial layer (128, 129). This has enabled many CF research groups to look to CF primary airway epithelial cell models in order to understand the cellular drivers of progressive lung disease, and more recently to evaluate the efficacy of CFTR modulators in restoring CFTR function in target cells (130, 131). Nasal pAEC are increasingly being used in epithelial CFTR studies, since their growth, differentiation, CFTR activity, and response to modulators are similar to lower airway cells, and have the advantage of being more readily accessible (129). Nasal cells have also been adapted to three dimensional spheroid cultures that are representative of native epithelium and mature more quickly than traditional ALI cultures (132). These spheroids have then been used to quantify CFTR function via spheroid swelling in cultures from CF patients across different mutation classes, to assess individual responses to modulator treatment (133, 134). As such, they have potential as a preclinical screening tool to identify responses to modulator therapies in a personalized medicine approach.

Despite increased airway inflammation in CF patients, there is still debate as to whether the CF airway epithelium is inherently pro-inflammatory (135–137). Baseline expression of neutrophil chemoattractants including IL-8, IL-6, and IL-1β is reported in some studies to be similar in CF vs. non-CF pAEC (138–140), but others report increases in CF cells at baseline (141, 142). Increased airway inflammation could also be a result of dysfunctional CF epithelial innate immunity, a major topic in CF research, as the airway epithelium has an important role in responding to infection and neutrophil recruitment (143–147). Studies have shown IL-8 release and NF-κB activity are increased in CF vs. non-CF pAEC following P. aeruginosa infection (142, 148, 149). CF pAEC have also been shown to display differential gene expression at the transcriptional level compared to non-CF pAEC in response to P. aeruginosa infection, which may be further evidence of CF aberrant immune responses (150, 151). In response to infection with respiratory viruses, studies have also observed increased IL-8 production in CF vs. non-CF pAEC (152, 153), which is analogous to in vivo findings in pediatric CF patients with rhinovirus infection (154). However, other studies have reported no difference in inflammatory cytokine production as a result of in vitro viral infection (155, 156). The filamentous fungi Aspergillus fumigatus is emerging as an important early life CF pathogen increasingly detected in pediatric CF airways (157, 158), with A. fumigatus infection associated with increased air trapping among 5 year old CF patients (159). Two in vitro studies to date have used immortalized cell lines and reported altered cytokine production, though specific data were conflicting (160, 161). Assessing innate immune responses to fungal pathogens in CF will be key to determining treatment priority, but innate immune mechanisms have yet to be corroborated in CF pAEC.

Variability amongst findings from pAEC infection studies could be attributed to the originating cohorts, sampling differences, age and disease severity of subjects, culture methods, and use of differentiated vs. undifferentiated cultures. Additionally, the selection of pathogens can affect outcomes, as pAEC responses can be heterogeneous to individual strains or isolates of the same species (162). Primary cells will continue to be important tools for addressing unanswered questions in CF lung disease, including how epithelial immunity is linked to neutrophil inflammation, how the epithelium responds to fungal and polymicrobial infection, how the airway microbiome affects epithelial homeostasis, and whether CFTR modulators have effects on airway innate immune signaling. Researchers must think carefully about the above factors and how they influence experimental outcomes in pAEC, especially if findings are translated to lung disease pathogenesis in CF patients.



Neutrophil Transmigration to the Airways

The epithelium is not only a barrier to external pathogens, but also presents an obstacle to responding neutrophils. In vitro replication of this mucosal physiology was established by early studies assessing neutrophil transmigration across the intestinal mucosa (163–166
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Non-CF control’ Cystic fibrosis

Number of participants 5 7
Mean Age = sd (yr) 35+1.4 28+23

Age range (yrs) (1.7-5.4) 02-5.6)

Meale (%) 40 57

Genotype Healthy non-CF . Phe508del/ p. PheS08del
NE Activity (%) NA 43

IL-8 Detected in BALs (%) NA 100
Microorganisms detected in NA 14 (Pseudormonas aeruginosa)
BAL (%)

PRAGMA Disease (%) NA 3.44(2.24-4.16)

#Non-CF control were children who underwent elective surgery for non-respiratory-
related conditions.
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Number of participants
Mean Age = sd (yr)

Age range (yrs)

Male (%)

Genotype

NE Activity (%)

IL-8 Detected in BALS (%)

Microorganisms detected in
BALS (%)

PRAGMA Disease (%)

Non-CF control”

6
33+0.65
(2.4-4.0)

50
Healthy non-CF
NA
NA
NA

NA

Cystic fibrosis

6
2323
02-59)
83
p. Phe508del/ p. Phe508del
50
100
50

353

#Non-CF control were chicren who underwent elective surgery for non-respiratory related

conditions.
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Classification AMP

a-helix LL-87
Melittin
Dermaseptin-
st

B-helix
Protegrin-1
HNP-1
HBD-1

Extended  PR-39

structure Indolicidin
Tiitrpticin

AMP,  antimicrobial ~ peptide;
neutrophil defensing.

Origin

Human

Chemical structure

GIGAVLKVLTTGLPALISWIKRKRQQ

Honey bee  GIGKFLHSAGKFGKAFVGEIMKS

Frog
Pig
Human
Human

Pig
Cow
Pig

HBD-1,

LLGDFFRKSKEIGEFKRIVQRIKDFLR
NLVPRTES
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PRRs

Dectin-1

TLR2

MR

Unknown

TLR3

TLR4
TLR9
Pentraxin 3

A. fumigatus PAMPs

$-D-Glucan

$-D-Glucan

Mannose-rich
polysaccharides

FleA (conidia)

dsRNA
(resting conidia)

Unknown
Hypomethylated DNA
Galactomannan

Cellular study model

HBE cells

HBE cells

BEAS-2B cells

Primary human BECs

Role in Anti-Aspergillus immunity on BECs

Internalization

Pro-inflammatory cytokines and chemokines release
Inflammasome activation

ROS generation

IL-6 and IL-8 release

Increase in Dectin-1 expression

Not elicited

IL-8 synthesis
Inhibition of Aspergillus fumigatus germination of extracelular
conidia

Binding of conidia to mucins and to macrophages

Release of inflammatory mediators, interferon (IFN)- and
IFN-y-inducible protein (IP)-10

Not elicited

Not elicited

Not elicited

References

9)

9)

(30-32)

(33)

(34,35)
(34,35)
(36)

BECs, Bronchial epithelial cells; IL, Interleukin; dsRNA, double stranded RNA; ROS, Reactive oxygen species; HBE cells, Papilloma virus-immortalized bronchial epithelial cell line.
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Cellftissue type Stimulus Effect References

Primary airway Poly(LC); RSV; IL-13;  CYP27B11 (38, 56-60)
epithelial cells IL-4; PM
TNF-a IL-18; IL-17A;  CYP24AT 1 (61,62)
TGF-B1; NTHi
CSE CYP27B1 | (63, 64)
A fumigatus; HRV; VDR | (68, 65)
RSV
BEAS-2B HRV; RSV VDR | (58)

(bronchial epitheial cell
line)

PM VDR 1 69
16HBE A fumigatus VDR 1 @1)
(bronchial epithelial cell
line)
TGF-1 CYP27B1 1 (60)
A, fumigatus CYP27B1 1 1)
A549 CSE VDR (66)
(lung carcinoma cell translocation |
line)
HCT116 LPS; TNF-o CYP27B1 1 ©n
(colon cancer epithelial
cellline)
LPS; TNF-a VDR | (67,69)
LPs CYP24AT | 7
COGA-1A TNFa £1L-6 CYP27B1 { (69
(colon cancer epithelial
cellline)
Trophoblasts TNFa; IL-16; IL-6 CYP24AT (70)
IFN-y CYP27B1 1 (70)
Macrophages ss-RNA OYP27B1 ¢ (71)
VDR ¢
Macrophages CSE VDR ¢ (72
(derived from THP-1)
Macrophages BaP CYP24A1 79)
(derived from THP-1)
Monocytes TLRZAL £ IFN-y; LPS; CYP27B11 (39, 74-76)
IL-15 VDR 1
IL-4 & TLR2/1L CYP24AT (@9)
Neutrophils IFN-y CYP27B1 1 (@)
S. pneumoniae TAR VDR 1
T cells T cell activators CYP27B1 ¢ ()

(@nti-CD3/anti-CD28; VDR 1
PHA; PMAVionomycin)

B cells B cell activators (anti- ~ CYP27B1 1 79
IgM/anti-CD40/IL-21) VDR t

Poly(iC), Polyinosinic:polycytidyiic acid; PM, Particulate matter; NTH;, nontypeable
Haemophius influenzae; A. fumigatus, Aspergillus fumigatus; CSE, Cigarette smoke
extract; HRV, Human rhinovirus; RSV, Respiratory syncytial vius; ssRNA, Single
stranded RNA; BaP, Benzofaloyrene; TLRZ/1L, Toll like receptor 2/1 Ligand; PHA,
Phytohemagglutinin; PMA, Phorbol 12-myristate 13-acetate.
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Pore-forming
models

Barrel-Stave

Toroidal

Carpet-like

Example of
AMP

Ceratotoxin
Aamethicin
Amphotricin B
Melittin

LL-a7
Piscidin
Pardaxin
Magainin 2
RL37
Cecropins
Dermaseptins
Ovispirin
Mastoparan X

AMP antimicrobial peptide.

Origin

Ceratitis capitate (Mediterranean frit fly)
Trichoderma viride (fungus)

Streptomyces nodosu (bacteria)

Xenopus Laevis (African clawed frog)

Homo sapiens

Morone Saxtils (Atlantic striped bass)
Pardarchirus marmoratus (Finless sole fish)
Xenopus Laevis (African clawed frog)
Macaca mulatta (Rhesus macaque)
Hyalophora cecropia (North American moth)
Phyllomedusa spp. (Frogs genus)

Ovis ares (Sheep)

Vespa xanthoptera (Japanese yellow hornet)
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Targeted microbes/PAMP Examples of AMP

Gram-negative and ~positive bacteria 1B-367, protegrin, MSI-78, gramicidin S,
indolicidin, CEMA

Gram-negative bacteria Polymyxin B

Gram-positive bacteria HNP1, sPLA2-IA

Fungi Protegrin, indolicidin, gramicidin S, CEMA,
polyphemusin, sPLA2-V

Virus Indolicicin, protegrin, polyphemusin

Parasite Magainin I, indoliciin

Endotoxin® CEMA, polyphemusin variants

AMP, Antimicrobial peptide; PAMP, Pathogen-associated molecular pattern.
*Endotoxin named also LPS, is a PAMP present in the cell wall of Gram-negative bacteria.
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KEGG pathway Network Module Proteins®

Seed Candidate
Ep. cell signaling in H. 1 2 EGFR SRC, TUP1
pylori infection
Legionellosis . 4 HSPAS,

VCP
Pathogenic £. col 1 5 ACTGH, ACTB
infection EZR,

TUBATB

7 YWHAZ YWHAQ

Shigellosis 1 5 ACTGH, ACTB

VCL, PFN1
Salmonella infection 1 5 ACTGH, ACTB

MYH9,

PEN1
Bacterial invasion of . 5 ACTGH, ACTB
epithelial cells VCL

%Proteins diviced by (1) Seed proteins: identified from LFQ (label-free quantification)
shotgun proteomics analysis and (2) Candidte proteins: Candidate disease proteins
identified using prioritization tools.

Ep, Epithelial: 1, up-regulated network; |, down-regulated network.
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KEGG Pathway Network Module(s) Proteins®

Seed Candidate
Focal adhesion 1 2,3,5 COL4A2,EGFR, COL1A1, CAV1,
FLNA, FN1, GRB2, LAMAS,

LAMA3, LAMB1, SRC
LAMC2, PPP1CA,

TNG, THBS1
Gap junction 1 2 EGFR GRB2, KRAS,
SRC, TUP1
Tight junction 1 2 CLDNe KRAS, SRC, TUP1
! 5 ACTG1,MYH9, ACTB
SPTAN1
Adherens junction 1 2 EGFR SRC, TUP1
! 5 ACTG1, VCL ACTB
ECM-receptor 1 5 AGRN,LAMA3,  LAVAS
interaction LAMB1, LAMG2
1 6  COL4A2,
COL6AT, FN1
ECM organization ! 6  COL4A2,

COL6A1, CTSD,
EFEMP1, FBLN1,
FN1, SERPINE1,
SPARC, TIMP1

*Proteins divided by (1) Seed proteins: identiied from LFQ (abel-free quantification)
shotgun proteomics analysis and (2) Candidate proteins: Candidate disease proteins
identified using prioritization tools.

1, up-regulated network; |, down-regulated network.
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Number of subjects

Age (mean < standard deviation)

Sex (% Male)

Prior wheeze status (% Wheeze)
Genotype (% Phe.508del homozygous)
Current bacterial infe