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Abstract

:

Background: The most recent modulator combination, elexacaftor/tezacaftor/ivacaftor (Trikafta®), has been shown to improve clinical outcomes in most patients with cystic fibrosis (PwCF). Unfortunately, the clinical benefits are sometimes variable; thus, improving our knowledge of the possible causes of this variability can help reduce it. Methods: Circulating mononuclear cells (CMCs) and plasma were collected from 16 PwCF (including those on Trikafta® therapy) and 4 non-CF subjects. Cystic fibrosis transmembrane conductance regulator (CFTR) activity and matrix metalloprotease 9 (MMP9) expression were monitored before and after therapy, together with some clinical parameters. The relationship between MMP9 expression and the modulation of the extracellular-regulated 1/2 (ERK1/2) and nuclear factor-kB (NF-kB) pathways was also analyzed. Results: MMP9, markedly expressed in the CMCs and plasma of all the patients included in the study, was downregulated in the clinically responsive PwCF. In the non-responder, the MMP9 levels remained high. The modulation of MMP9 following treatment with Trikafta® may be controlled by the NF-kB pathway. Conclusions: These data strongly suggest that MMP9 downregulation is a potential biomarker of therapy efficacy and that it could be useful in understanding the molecular events underlying the variable clinical responses of patients to Trikafta®. This knowledge could be helpful for future studies of personalized medicine and thereby ensure improvements in individual responses to therapies.
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1. Introduction


Cystic fibrosis (CF) is an autosomal recessive disease caused by mutations in the cystic fibrosis transmembrane conductance regulator (CFTR) gene [1,2,3]. The respiratory and gastrointestinal tracts [4,5,6] are particularly affected. However, since CF is characterized by the persistence of inflammation, the impairment of cellular immunity, represented primarily by monocytes, macrophages, and dendritic cells (DCs), is often discussed [7,8,9,10,11]. Different human studies have demonstrated enhanced inflammatory cytokine secretion by monocyte-derived macrophages in CF [12,13]. Furthermore, other studies have reported a direct link between functional CFTR and the anti-inflammatory M2 polarization of macrophages [14]. Others have reported that CF monocytes, due to CFTR dysfunction, overexpress matrix metalloprotease 9 (MMP9) [15,16], which, along with other MMPs, is expressed in inflammatory cells and regulates inflammation in various tissues and diseases [17,18,19,20]. Moreover, MMP9, a potent extracellular matrix (ECM)-degrading enzyme, is considered one of the main effector proteases of tissue remodeling in CF [21,22,23,24]; it not only produces ECM cleavage products, but also processes cytokines which have been implicated in leukocyte infiltration [25]. As a result, the airways of PwCF patients are characterized by protease activation, which contributes to subsequent airway remodeling and disease pathogenesis. To determine whether and how the immune cells are modified in response to CFTR modulator therapy, we recently analyzed, using a proteomic approach, freshly isolated circulating mononuclear cells (CMCs) following both ex vivo and in vivo ivacaftor treatment [26]. The results we obtained demonstrated that the therapy downregulated intracellular MMP9, and that this protein modulation correlated with the improvements in the forced expiratory volume in 1 s (FEV1) and sweat chloride values of the patients treated with the therapy. In line with these results, it has been reported that MMP9 expression has been reduced in patients who positively responded to lumacaftor/ivacaftor therapy [27]. These data were obtained via an RNA-Seq evaluation of whole blood gene expression changes in response to the therapy.



It has been reported that elevated levels of MMP9 are associated with lung function decline in PwCF [21,22,23,24], and many CF airway macrophages are derived from circulating monocytes [24,28]. Thus, after ivacaftor therapy, the downregulation of MMP9 in CMCs could represent one of the possible positive effects of these CFTR modulators in decreasing disease progression, and it could therefore represent a potential biomarker of the efficacy of the CF therapy.



Finding non-invasive biomarkers of an individual patient’s response is crucial in CF. Indeed, although care for PwCF has been revolutionized by the development of CFTR modulators [29,30], clinical responses are often variable [31,32,33].



In this study, we have measured MMP9 levels in both the CMCs and the plasma of responders and non-responders to Trikafta®, the triple CFTR modulator therapy. Thus, we intend to obtain more information about the modulation of MMP9 and confirm whether the downregulation of MMP9 in CMCs could be a valuable biomarker of CF modulator therapy efficacy. Moreover, we also investigated the modulation of MMP9 expression, since the signaling mechanism for the increase in MMP9 in CF is poorly understood. In this context, we previously reported that in CF CMCs, the activation of the protein kinase C/ERK1/2 pathway, which is promoted by the altered intracellular calcium homeostasis, induces MMP9 expression [16]. Moreover, other authors have reported that, in different CF cellular models, the absence or reduction CFTR activity promotes the activation of cross-talk between the ERK pathway and nuclear factor-kB (NF-kB) [34,35]. Thus, we investigated the possible involvement of the phospho-(p-)ERK1/2/NF-kB signaling pathway in the increase in MMP9 expression in the CMCs of PwCF and the modulation of protease expression after Trikafta® therapy.




2. Results


2.1. MMP9 Expression in CMCs of PwCF during Trikafta® Therapy


Although CFTR modulators have revolutionized the care of patients with CF, clinical responses to these molecules are variable and sometimes absent. Unfortunately, also Trikafta®, which is approved for the treatment of most PwCF, sometimes fails as well. Table 1 shows the clinical parameters of five PwCF who were monitored before and after five and ten months of Trikafta® therapy. Four of the five patients considered for this study showed improvements in some of the clinical parameters, though these remained unchanged in one patient. The levels of CFTR activity in the CMCs of the each PwCF were measured at the same time points during the therapy (see Table 1).



As Table 1 shows, the NaI exchange values agree with the clinical data, and the only patient who did not improved clinically was the one who did not show any increase in CFTR activity after the therapy. Thus, this patient was considered a non-responder (CF85), while the other four were considered responders (CF108, CF161, CF76, and CF157). To understand the reason for this variability in drug response, we decided to monitor the expression of MMP9 in the CMCs of all five patients who underwent the therapy. The rationale for this was based on the results we obtained in previous research, in which we showed that MMP9 is upregulated in the leukocytes of F508del+/+ patients [16].



Thus, we first monitored the MMP9 in the CMCs before the Trikafta® therapy, not only in the 5 PwCF just considered, but also in 11 other patients who had undergone the therapy for less time and on whom we have not yet collected sufficient information.



As is shown in Figure 1, MMP9 was expressed in the CMCs of all the PwCF, whereas no MMP9 was detectable in the CMCs from 4 non-CF subjects. These results agree with our previously collected data that were used to analyze MMP9 expression in the CMCs of PwCF homozygous for F508del-CFTR [16]. Since we had also reported that the downregulation of MMP9 could be a potential leukocyte biomarker related to ivacaftor efficacy [26], we then measured the MMP9 levels in the CMCs of the non-responders and responders before and after the indicated times during the Trikafta® therapy.



As Figure 2A,B show, intracellular MMP9 expression in the responders showed a downregulation trend after both therapy periods (POST I and POST II). This did not occur in the non-responder. Although these are only preliminary results, they do not indicate that there is any time course for treatments acting on MMP9 expression. Indeed, there was no significant difference between the POST I and POST II results in any of the samples considered (Figure 2B). However, the intracellular MMP9 expression values obtained from all the responders at POST I and POST II were significantly downregulated after the Trikafta® treatment, but those of non-responder were not.



These results confirm the potential of MMP9 downregulation in the leukocytes as a biomarker of CFTR modulator efficacy, and suggest that it can be used to evaluate Trikafta® therapy.




2.2. Identification of Intracellular Pathways Related to MMP9 Expression in the CMCs of the Non-Responder and the Responders


It is known that MMP9 is the most abundant MMP found in bronchopulmonary secretions derived from PwCF [20], that neutrophils constitutively express MMP9, and that other cellular types, such as macrophages and epithelial cells, can produce MMP9 [18]. However, the signaling mechanism for the increase in MMP9 in CF has yet to be well elucidated. Since it has been reported that MMP9 expression can be promoted by the ERK1/2 and NF-kB signaling pathways [34,35], we monitored the possible involvement of these signaling mechanisms in the increase in MMP9 expression in the CMCs of the PwCF as well as the modulation of the protease expression after the Trikafta® therapy.



As Figure 3 shows, the p-ERK1/2 levels in the CMCs of both the non-responder and the responders before the Trikafta® therapy were higher than in those in the CMCs collected after the therapy (POST I and POST II). Even though no significant difference was observed between the dephosphorylation of the two kinases in the non-responder and in the responders (Figure 3B), all the PwCF showed a significant decrease in p-ERK1/2 levels (Figure 3C). This result indicates that Trikafta® therapy could lead to the dephosphorylation of p-ERK1/2, despite the efficacy of the therapy. However, since p-ERK1/2 induces MMP9 expression in leukocytes, as we have previously reported, the dephosphorylation of p-ERK1/2 is in line with the MMP9 modulation data we obtained from the CMCs of the responders, though not with those obtained from the CMCs of the non-responder. To clarify this discrepancy, we studied the downstream events related to the NF-kB pathway, since it has been reported [34] that this nuclear transcriptional factor promotes MMP9 expression. Thus, we monitored the modulation of IkBα because its phosphorylation and degradation allow NF-kB to translocate into the nucleus and bind to the specific MMP9 promoter sequence. As is shown in Figure 3A,D, the amount of IkBα in the CMCs of the responders significantly increased after the Trikafta® therapy, while it decreased in the CMCs of the non-responder. Thus, the modulation of IkBα parallels the modulation of MMP9 expression, indicating that the therapies which target the recovery of CFTR activity promote the downregulation of MMP9 through the NF-kB pathway.



These results, together with those previously obtained [26], indicate that the expression of MMP9 is related to the response of the PwCF to CFTR modulators, and that by elucidating the NF-kB signaling pathway, which is related to MMP9 expression, it may be possible to understand the molecular events underlying the variability in the clinical responses of PwCF to their CF therapies.




2.3. Levels of MMP9 in the Plasma Samples of the Non-Responder and the Responders


In order to verify whether MMP9 modulation could be a promising biomarker of the efficacy CFTR modulators, we also measured the MMP9 activity before Trikafta® therapy in plasma isolated during the collection of the CMC samples from the 16 PwCF whose intracellular MMP9 expression is shown in Figure 1.



As is shown in Figure 4A,B, before therapy, the plasma samples of all the patients expressed MMP9 activity significantly higher than that observed in the four non-CF subjects. These data agree with those obtained from the analyses carried out on the CMCs and reported in Figure 1. Moreover, we measured the MMP9 activity in the plasma samples of the non-responder and the responders both before and after the therapy.



As Figure 5 shows, the plasmatic MMP9 activity of the non-responder did not change after the therapy. However, that of responders significantly decreased (by about 50%) as it occurred at the intracellular level (see Figure 2B and Figure 5B). Thus, all these results showed MMP9 modulation similar to that presented in Figure 2, suggesting that the MMP9 measured in plasma likely corresponded to that secreted by CMCs.



Finally, to further support the notion that plasmatic MMP9 modulation could be a potential biomarker of CFTR modulator efficacy, we also preliminarily evaluated the changes in plasmatic MMP9 activity in 8 of the 11 PwCF who had started Trikafta® therapy, but whose plasmatic samples and clinical outcomes were already available (see Table 2).



As Figure 6A,B show, seven PwCF, clinically identified as responders, showed, to different extents, the downregulation of plasmatic MMP9 activity at the first follow-up. In contrast, this was not the case for CF73, who was the only one clinically identified as a non-responder. These results, though they are still preliminary, and those previously obtained, further strengthen the hypothesis that plasmatic MMP9 can serve as a promising biomarker of the efficacy of CFTR modulators.



Figure 7 shows a schematic drawing that depicts the effect of Trikafta® therapy on the NF-kB pathway involved in MMP9 upregulation detected in the CMCs of the PwCF. Briefly, the increase in [Ca2+]i that was observed in the CF cells as a consequence of reduced CFTR activity [16], as well as pro-inflammatory signals, can lead to ERK 1/2 activation, which in turn promotes the release of NF-kB from its complex with IkBα through the phosphorylation and subsequent ubiquitination/degradation of the inhibitory protein. Our results suggest that Trikafta® therapy acts at this pathway stage. Once they are no longer complexed with IkBα, NF-kB subunits can translocate to the nucleus, promoting MMP9 mRNA transcription and, thus, MMP9 protein upregulation. Consequently, MMP9 can be detected in the extracellular environment and in the plasma of PwCF. Finally, the effect of the therapy on this molecular pathway led to significant MMP9 downregulation in those patients that were identified as responders. Conversely, in the non-responder’s CMCs, although the dephosphorylation of ERK1/2 still occurred, the phosphorylation/degradation of IkBa persisted, preventing the downregulation of MMP9 expression.





3. Discussion


In this study, we found that MMP9, which was upregulated in the CMCs and plasma of five PwCF before Trikafta® therapy, was downregulated at different times following the therapy in the biological samples of four clinically positive responders. By contrast, in the non-responder patient, this protease remained unaffected. The downregulation of MMP9, detected after the therapy, paralleled the recovery of CFTR activity assayed in the same CMC samples, and with the amelioration of the clinical outcomes. We also showed that this modulation in intracellular MMP9 expression, and the subsequent secretion of MMP9 in the plasma, could be controlled by NF-kB activation/inhibition through the degradation/synthesis of its inhibitor, IkBα. In particular, the CMCs of the responder patients showed increased IkBα levels after the therapy, when both intracellular and plasmatic MMP9 levels decreased. Conversely, the intracellular level of IkBα in the non-responder decreased even when their MMP9 remained over-expressed after the therapy. Thus, MMP9 expression could be promoted by the translocation to the nucleus of NF-kB due to the phosphorylation/polyubiquitination/degradation by the proteasome of its cytosolic inhibitor, IkBα, as was reported in [36]. Several reports have shown a relationship between increased NF-kB activation [37,38,39] and CFTR dysfunction in various CF cell lines which can intrinsically cause the expression of pro-inflammatory mediators, but less attention has been paid to studying the relationship of this pathway with MMP9 expression in CF CMCs. In this context, we also found that ERK1/2 phosphorylation was significantly higher in the CMCs of both responders and the non-responder before the therapy. This result is consistent with the possible involvement of p-ERK1/2 in the phosphorylation process of IkBα before its degradation. We previously reported a relationship between the p-ERK1/2 levels and MMP9 expression in CF [16], in agreement with other studies [40]. However, we now suggest that the downregulation of MMP9 expression in the CMCs and plasma of responders to Trikafta® therapy seems to be due to a decrease in p-ERK1/2 which is sufficient to promote a consequent increase in IkBα and inhibit NF-kB translocation into the nucleus. In contrast, in the CMCs of the non-responder patient, the decrease in p-ERK1/2 detected after the therapy failed to increase the level of IkBα, and, thus, to downregulate MMP9 expression, suggesting the involvement of other kinases in the IkBα phosphorylation process, as has already been reported in the literature [35,36]. Further studies, possibly performed using a proteomic approach, are recommended to support this hypothesis and better clarify the discrepancy in the p-ERK1/2/NF-kB signaling pathway and MMP9 expression observed in the responder and non-responder PwCF.



To strengthen the significance of the data we obtained, we extended the analysis of MMP9 in CMCs and plasma to 11 other patients who had not yet undergone Trikafta® therapy. Furthermore, among these patients, we selected eight who, in the meantime, had started Trikafta® therapy, and measured their plasma levels of MMP9 after the initial phases of the therapy. The results we obtained, along with data concerning the clinical conditions of the patients, show that the CMC and plasma samples had similar MMP9 modulation, and therefore suggest that the plasmatic downregulation of MMP9 can be a biomarker of positive responses to Trikafta® therapy. These data agree with our previous results [11,26], obtained from CMCs following both ex vivo and in vivo treatment with another CFTR modulator (ivacaftor). Notably, using a quantitative proteomic and bioinformatic approach, we identified several metalloprotease proteins usually involved in cystic fibrosis [21], such as matrix metalloproteinase 8 (MMP8), MMP9, and matrix metalloproteinase 16 (MMP16). However, only MMP9 was downregulated after the treatment.



MMP9, which is expressed by several immune cells, such as monocytes/macrophages and neutrophils [41,42], has been detected in association with CF progression [18,20,28]. In addition, MMP9 levels are higher during CF progression, which is characterized by an acute pulmonary exacerbation associated with increased inflammation due to the recruitment of many monocytes to the site of the inflammation and damage [28,43]. Overall, MMP9 levels are positively correlated with the degradation of basement membrane collagen and a decline in lung function in PwCF [44,45]. Thus, the downregulation of MMP9 could represent one of the possible positive effects of CFTR modulators in decreasing disease progression. In support of this hypothesis, it has been reported that, based on an RNA-Seq evaluation of whole blood gene expression changes in response to lumacaftor/ivacaftor, MMP9 expression was reduced in those patients that positively responded to the therapy [27]. Moreover, during our plasma sample analysis, we sometimes observed a double band of plasmatic MMP9 activity because MMP9 is secreted in the extracellular space as an inactive pro-enzyme named pro-MMP9 (92 kDa). However, in the extracellular space, other proteinases, such as MMP3 and MMP2, cleave the inactive form pro-MMP9 into the active form 84 kDa [46,47]. We can see the MMP9 double band only in those plasma samples which show more significant quantities of MMP9 than the others. However, an analysis of the active band of MMP9 in the plasma and its relationship with other metalloproteases will have to be the subject of a future study.



Our results, obtained by monitoring MMP9 levels directly in the CMCs and plasma of PwCF undergoing Trikafta® therapy, provide additional information which is needed to validate MMP9 modulation as a biomarker of CF therapy efficacy. Moreover, we investigated the relationship between the p-ERK1/2/NF-kB signaling pathways and MMP9 expression, highlighting a potential alteration in the modulation of ERK1/2 phosphorylation in the CMCs of the non-responder patient. In order to elucidate the biochemical mechanisms related to the NF-kB signaling pathway and MMP9 expression, we will carry out future studies on more suitable cell models (e.g., monocytes/macrophages) directly isolated from responders and non-responders to the therapy. The data thus obtained will be helpful in better understanding the molecular events underlying the variable clinical responses of PwCF to CFTR modulators. This knowledge, obtained via a simple blood draw, can be helpful for future studies of personalized medicine and ensure improvements in individual responses to therapies. Further analyses involving additional non-responder patients are necessary to strengthen these results.




4. Materials and Methods


4.1. Materials


RPMI 1640, Lympholyte®-H, and pre-stained protein SHARPMASS VI MW marker were purchased from Euroclone SpA (Milan, Italy). Anti-MMP9 antibody, anti-P-ERK 1/2 antibody, anti-ERK1/2 antibody, horseradish peroxidase (HRP)-linked anti-rabbit and anti-mouse secondary antibodies, protease inhibitor cocktail (100×), and phosphatase inhibitor cocktail (100X) were obtained from Cell Signaling Technology (Danvers, MA, USA). Anti-IkBα and anti-β-actin antibodies were obtained from Santa Cruz Biotechnology Inc. (Dallas, TX, USA). Dibutyryl-cAMP, the potentiator ivacaftor (VX770), gelatin, Triton X-100, and BRIJ®35 Detergent Calbiochem® were purchased from Sigma-Aldrich (Milan, Italy). ECL Select™ Western Blotting Detection Reagent, ECL Western Blotting Detection Reagent, and Amersham™ Protran® Premium 0.45-µm nitrocellulose were obtained from GE Healthcare (Chicago, IL, USA). Brillant Blue R-250 and Acrylamide/Bis Solution were obtained from Bio-Rad Laboratories Srl (Segrate, MI, Italy).




4.2. Ethics Statement


All the participants gave their written informed consent prior to their inclusion in the study, including permission to store the samples and to use them for research. The study protocol conformed to the provisions of the Declaration of Helsinki and those of the G. Gaslini Children’s Hospital, Genoa, Italy. The Ethics Committee of Genoa approved the study under protocol number A-CF2014 460REG2014.




4.3. Donor Subjects and Sample Collection


Our analyses were carried out on blood samples obtained from all the participants during their routine clinical examinations at the hospital. Sixteen PwCF undergoing Trikafta® therapy (see Table 1 and Table 2) and four non-CF donors were enrolled in the study. The clinical conditions of the patients were evaluated further via ppFEV1(%), sweat chloride tests, body mass index (BMI), and pulmonary exacerbation (PEx) frequency. All the PwCF were regularly followed at the Cystic Fibrosis Center, G. Gaslini Hospital, Genova, Italy. For every patient and non-CF donor, samples of approximately 8 mL of blood were collected in three 3 mL vacuette® PREMIUM tubes containing 5 mM EDTA.




4.4. CMC Isolation and Plasma Collection


The blood samples were diluted with an equal volume of RPMI 1640 and carefully stratified over the Lympholyte®-H Cell Separation Media, following manufacturer’s instructions. Briefly, the stratified samples were centrifuged at 800× g for 20 min at 22 °C without a break. After centrifugation, the CMCs were collected at the interface between the upper layer, containing the plasma fraction, and the lower layer, containing the Lympholyte®-H. To remove the platelets, the CMCs were washed twice with RPMI 1640 and then resuspended in PBS or CFTR buffer for the relevant subsequent analysis.




4.5. CFTR Assay


The measurements of CFTR activity were carried out as described in [26] by means of GST-HS-YFP on vehicle- or cAMP/VX770-stimulated PBMCs. Unknown NaI concentrations were extrapolated from the GST-HS-YFP NaI-quenching curve, and CFTR activity was indicated as NaI exchange and expressed as pmol/min/103 cells.




4.6. Western Blot Analysis


Freshly isolated CF and non-CF CMCs were lysed at 107/mL via sonication in Laemmli sample buffer and heated for 5 min at 95 °C, and 30 µL aliquots of each sample were subjected to SDS-PAGE, followed by a Western blot. The nitrocellulose membranes were blocked via incubation for 1 h at room temperature with 5% (w/v) skim milk powder in PBS containing 0.05% (v/v) Tween-20. The membranes were incubated successively for 16 h at 4 °C with each of the following primary antibodies: anti-MMP9 (1:1000), anti-β-actin (1:1000), anti-P-ERK 1/2 (1:2000), anti-ERK 1/2 (1:2000), and anti-IkBα (1:1000). The peroxidase-conjugated secondary antibody (1 h at 22 °C) was anti-rabbit or anti-mouse (1:5000). A stripping and re-probing procedure was applied to test the membranes with all the primary antibodies.



Immunoreactive signals were developed using ECL Select™ Western Blotting Detection Reagent, acquired and quantified using a ChemiDoc™ XRS equipped with Quantity One Image Software 4.6.1 (Bio-Rad Laboratories Srl, Segrate, MI, Italy). Alternatively, ECL Western Blotting Detection Reagent was used.




4.7. Zimography Analysis


Plasmatic MMP9 activity was assayed via zymography. Briefly, CF and non-CF plasma samples (1 µL) were diluted in a modified Laemmli sample buffer. The samples were subjected to electrophoresis at 4 °C for 1.5 h, without boiling and reduction, through an 8% (v/v) polyacrylamide gel copolymerized with 1 mg/mL gelatin. The gel was incubated for 1 h at 25 °C in 0.05 M Tris (pH 7.4) containing 2.5% (v/v) Triton X-100, washed twice with 0.05 M Tris (pH 7.4), and then maintained overnight at 37 °C in 0.05 M Tris (pH 7.4) containing 10 mM CaCl2, 0.15 M NaCl, and 0.05% (v/v) BRIJ®35 Detergent. The gel was fixed and stained for 2 h with a pre-warmed solution containing 45% (v/v) methanol, 10% (v/v) acetic acid, and 0.25% Coomassie Blue R-250. The zymograms were de-stained using 30% (v/v) methanol-10% (v/v) acetic acid. The relative levels of MMP9 activity were calculated via computer-assisted planimetry, and the intensity of the MMP9-dependent lytic areas was determined using Quantity One Image Software 4.6.1 (Bio-Rad Laboratories Srl, Segrate (MI), Italy).




4.8. Statistical Analysis


Where feasible, the data were presented as mean ± SD and analysed for their distribution by means of a Kolmogorov–Smirnov test (test of normality). The significance of the differences was analyzed via non-parametric or parametric tests, as indicated in the relevant figure legend, using the Prism 4.02 software package (GraphPad Software, San Diego, CA, USA), and at least p < 0.05 was considered statistically significant.








Author Contributions


Conceptualization, M.A., M.P. and M.C.; methodology, M.P., M.C. and M.A.; formal analysis, M.M., M.P., M.C. and M.A.; investigation, M.P., M.C., R.D.T. and F.C.; data curation, M.M., F.C., C.C., M.P. and M.C.; writing—original draft preparation, M.A., M.P., M.C. and M.M.; writing—review and editing, M.P., M.A., M.M., M.C., R.D.T. and F.C.; supervision, M.A., M.M. and C.C.; project administration, M.A., M.C., M.P., F.C. and M.M.; funding acquisition, M.A. and R.D.T. All authors have read and agreed to the published version of the manuscript.




Funding


This study was funded by the Italian Cystic Fibrosis Research Foundation (grant FFC#12/2019). The APC was funded by the University of Genova (grants 1000008-2020-RD-FRA_001 and 1000008-2022-SB-FRA_Biochimica to M.A. and R.D.T.). This work was also supported by the Ph.D. School of the Department of Experimental Medicine (University of Genova) (grant 100008-2021-GB-ALTRIPOSTL_001-CAPRARO M. to M.C.).




Institutional Review Board Statement


This study was conducted in accordance with the guidelines of the Declaration of Helsinki, and it was approved by the Ethic Committee of Genoa (A-CF2014 460REG2014).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


Data available on request from the corresponding author.




Acknowledgments


We thank the support of “Delegazione FFC di Torino”.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



John, R.; Riordan, J.R.; Rommens, J.M.; Kerem, B.; Alon, N.; Rozmahel, R.; Grzelczak, Z.; Zielenski, J.; Lok, S.; Plavsic, N.; et al. Identification of the Cystic Fibrosis Gene: Cloning and Characterization of Complementary DNA. Science 1989, 245, 1066–1073. [Google Scholar]

	



Wilschanski, M.; Dupuis, A.; Ellis, L.; Jarvi, K.; Zielenski, J.; Tullis, E.; Martin, S.; Corey, M.; Tsui, L.; Durie, P. Mutations in the Cystic Fibrosis Transmembrane Regulator Gene and In Vivo Transepithelial Potentials. Am. J. Respir. Crit. Care Med. 2006, 174, 787–794. [Google Scholar] [CrossRef]

	



Gonska, T.; Choi, P.; Stephenson, A.; Ellis, L.; Martin, S.; Solomon, M.; Dupuis, A.; Dorfman, R.; Zielenski, J.; Ooi, C.Y.; et al. Role of cystic fibrosis transmembrane conductance regulator in patients with chronic sinopulmonary disease. Chest 2012, 142, 996–1004. [Google Scholar] [CrossRef]

	



Stoltz, D.A.; Meyerholz, D.K.; Welsh, M.J. Origins of cystic fibrosis lung disease. N. Engl. J. Med. 2015, 372, 351–362. [Google Scholar] [CrossRef] [PubMed]

	



Modolell, I.; Guarner, L.; Malagelada, J.R. Digestive system involvement in cystic fibrosis. Pancreatology 2002, 2, 12–16. [Google Scholar] [CrossRef] [PubMed]

	



Elborn, J.S. Cystic fibrosis. Lancet 2016, 388, 2519–2531. [Google Scholar] [CrossRef] [PubMed]

	



Bonfield, T.; Chmiel, J.F. Impaired innate immune cells in cystic fibrosis: Is it really a surprise? J. Cyst. Fibros. 2017, 16, 433–435. [Google Scholar] [CrossRef] [PubMed]

	



Lara-Reyna, S.; Holbrook, J.; Jarosz-Griffiths, H.H.; Peckham, D.; McDermott, M.F. Dysregulated signalling pathways in innate immune cells with cystic fibrosis mutations. Cell. Mol. Life Sci. 2020, 77, 4485–4503. [Google Scholar] [CrossRef]

	



Hamilton, K.; Krause, K.; Badr, A.; Daily, K.; Estfanous, S.; Eltobgy, M.; Khweek, A.A.; Anne, M.N.K.; Carafice, C.; Baetzhold, D.; et al. Defective immunometabolism pathways in cystic fibrosis macrophages. J. Cyst. Fibros. 2021, 20, 64–672. [Google Scholar] [CrossRef]

	



Mulcahy, E.M.; Cooley, M.A.; McGuire, H.; Asad, S.; Fazekas de St Groth, B.; Beggs, S.A.; Roddam, L.F. Widespread alterations in the peripheral blood innate immune cell profile in cystic fibrosis reflect lung pathology. Immunol. Cell Biol. 2019, 97, 416–426. [Google Scholar] [CrossRef]

	



Averna, M.; Melotti, P.; Sorio, C. Revisiting the Role of Leukocytes in Cystic Fibrosis. Cells 2021, 10, 3380. [Google Scholar] [CrossRef]

	



Koeppen, K.; Nymon, A.; Barnaby, R.; Li, Z.; Hampton, T.H.; Ashare, A.; Stanton, B.A. CF monocyte-derived macrophages have an attenuated response to extracellular vesicles secreted by airway epithelial cells. Am. J. Physiol. Lung Cell. Mol. Physiol. 2021, 320, L530–L544. [Google Scholar] [CrossRef] [PubMed]

	



Bruscia, E.M.; Zhang, P.; Ferreira, E.; Caputo, C.; Emerson, J.W.; Tuck, D.; Krause, D.S.; Egan, M.E. Macrophages directly contribute to the exaggerated inflammatory response in cystic fibrosis transmembrane conductance regulator-/- mice. Am. J. Respir. Cell Mol. Biol. 2009, 40, 295–304. [Google Scholar] [CrossRef]

	



Tarique, A.A.; Sly, P.D.; Holt, P.G.; Bosco, A.; Ware, R.S.; Logan, J.; Bell, S.C.; Wainwright, C.E.; Fantino, E. CFTR-dependent defect in alternatively-activated macrophages in cystic fibrosis. J. Cyst. Fibros. 2017, 16, 475–482. [Google Scholar] [CrossRef]

	



Meoli, A.; Eickmeier, O.; Pisi, G.; Fainardi, V.; Zielen, S.; Esposito, S. Impact of CFTR Modulators on the Impaired Function of Phagocytes in Cystic Fibrosis Lung Disease. Int. J. Mol. Sci. 2022, 23, 12421. [Google Scholar] [CrossRef]

	



Averna, M.; Bavestrello, M.; Cresta, F.; Pedrazzi, M.; De Tullio, R.; Minicucci, L.; Sparatore, B.; Salamino, F.; Pontremoli, S.; Melloni, E. Abnormal activation of calpain and protein kinase Cα promotes a constitutive release of matrix metalloproteinase 9 in peripheral blood mononuclear cells from cystic fibrosis patients. Arch. Biochem. Biophys. 2016, 604, 103–112. [Google Scholar] [CrossRef] [PubMed]

	



Ratjen, F.; Hartog, C.; Paul, K.; Wermelt, J. Braun Matrix metalloproteases in BAL fluid of patients with cystic fibrosis and their modulation by treatment with dornase alpha. Thorax 2002, 57, 930–934. [Google Scholar] [CrossRef]

	



Sagel, S.D.; Kapsner, R.K.; Osberg, I. Induced sputum matrix metalloproteinase-9 correlates with lung function and airway inflammation in children with cystic fibrosis. Pediatr. Pulmonol. 2005, 39, 224–232. [Google Scholar] [CrossRef] [PubMed]

	



Roderfeld, M.; Rath, T.; Schulz, R.; Seeger, W.; Tschuschner, A.; Graf, J.; Roeb, E. Serum matrix metalloproteinases in adult CF patients: Relation to pulmonary exacerbation. J. Cyst. Fibros. 2009, 8, 338–347. [Google Scholar] [CrossRef]

	



Gaggar, A.; Li, Y.; Weathington, N.; Winkler, M.; Kong, M.; Jackson, P.; Blalock, J.E.; Clancy, J.P. Matrix metalloprotease-9 dysregulation in lower airway secretions of cystic fibrosis patients. Am. J. Physiol. Lung Cell. Mol. Physiol. 2007, 293, L96–L104. [Google Scholar] [CrossRef]

	



Gaggar, A.; Hector, A.; Bratcher, P.E.; Mall, M.A.; Griese, M.; Hartl, D. The Role of Matrix Metalloproteases in Cystic Fibrosis Lung Disease. Eur. Respir. J. 2011, 38, 721–727. [Google Scholar] [CrossRef] [PubMed]

	



Atkinson, J.J.; Senior, R.M. Matrix Metalloproteinase-9 in Lung Remodeling. Am. J. Respir. Cell Mol. Biol. 2003, 28, 12–24. [Google Scholar] [CrossRef]

	



Pandey, K.C.; De, S.; Mishra, P.K. Role of Proteases in Chronic Obstructive Pulmonary Disease. Front. Pharmacol. 2017, 8, 512. [Google Scholar] [CrossRef] [PubMed]

	



Öz, H.H.; Ee-Chun Cheng, E.; Di Pietro, C.; Tebaldi, T.; Giulia Biancon, G.; Zeiss, C.; Zhang, P.; Huang, P.H.; Esquibies, S.S.; Britto, C.J.; et al. Recruited monocytes/macrophages drive pulmonary neutrophilic inflammation and irreversible lung tissue remodeling in cystic fibrosis. Cell Rep. 2022, 41, 111797. [Google Scholar] [CrossRef]

	



Wells, J.M.; Gaggar, A.; Blalock, J.E. MMP Generated Matrikines. Matrix Biol. 2015, 44–46, 122–129. [Google Scholar] [CrossRef] [PubMed]

	



Pedrazzi, M.; Vercellone, S.; Barberis, E.; Capraro, M.; De Tullio, R.; Cresta, F.; Casciaro, R.; Castellani, C.; Patrone, M.; Marengo, E.; et al. Identification of Potential Leukocyte Biomarkers Related to Drug Recovery of CFTR: Clinical Applications in Cystic Fibrosis. Int. J. Mol. Sci. 2021, 22, 3928. [Google Scholar] [CrossRef] [PubMed]

	



Kopp, B.T.; Fitch, J.; Jaramillo, L.; Shrestha, C.L.; Robledo-Avila, F.; Zhang, S.; Palacios, S.; Woodley, F.; Hayes, D., Jr.; Partida-Sanchez, S.; et al. Whole-blood transcriptomic responses to lumacaftor/ivacaftor therapy in cystic fibrosis. J. Cyst. Fibros. 2020, 19, 245–254. [Google Scholar] [CrossRef]

	



Hisert, K.B.; Birkland, T.P.; Schoenfelt, K.Q.; Long, M.E.; Grogan, B.; Carter, S.; Liles, W.C.; McKone, E.F.; Becker, L.; Manicone, A.M.; et al. CFTR Modulator Therapy Enhances Peripheral Blood Monocyte Contributions to Immune Responses in People with Cystic Fibrosis. Front. Pharmacol. 2020, 11, 1219. [Google Scholar] [CrossRef]

	



Barry, P.J.; Mall, M.A.; Álvarez, A.; Colombo, C.; de Winter-de Groot, K.M.; Fajac, I.; McBennett, K.A.; McKone, E.F.; Ramsey, B.W.; Sutharsan, S.; et al. Triple Therapy for Cystic Fibrosis Phe508del-Gating and -Residual Function Genotypes. N. Engl. J. Med. 2021, 385, 815–825. [Google Scholar] [CrossRef]

	



Hubert, D.; Chiron, R.; Camara, B.; Grenet, D.; Prévotat, A.; Bassinet, L.; Dominique, S.; Rault, G.; Macey, J.; Honoré, I.; et al. Real-life initiation of lumacaftor/ivacaftor combination in adults with cystic fibrosis homozygous for the Phe508del CFTR mutation and severe lung disease. J. Cyst. Fibros. 2017, 16, 388–391. [Google Scholar] [CrossRef]

	



Jennings, M.T.; Dezube, R.; Paranjape, S.; West, N.E.; Hong, G.; Braun, A.; Grant, J.; Merlo, C.A.; Lechtzin, N. An Observational Study of Outcomes and Tolerances in Patients with Cystic Fibrosis Initiated on Lumacaftor/Ivacaftor. Ann. Am. Thorac. Soc. 2017, 14, 1662–1666. [Google Scholar] [CrossRef]

	



Sondo, E.; Cresta, F.; Cristina Pastorino, C.; Tomati, V.; Valeria Capurro, V.; Pesce, E.; Lena, M.; Iacomino, M.; Baffico, A.M.; Domenico Coviello, D.; et al. The L467F-F508del Complex Allele Hampers Pharmacological Rescue of Mutant CFTR by Elexacaftor/Tezacaftor/Ivacaftor in Cystic Fibrosis Patients: The Value of the Ex Vivo Nasal Epithelial Model to Address Non-Responders to CFTR-Modulating Drugs. Int. J. Mol. Sci. 2022, 23, 3175. [Google Scholar] [CrossRef] [PubMed]

	



Wang, H.; Cebotaru, L.; Lee, H.W.; Yang, Q.F.; Pollard, B.S.; Pollard, H.B.; Guggino, W.B. CFTR Controls the Activity of NF-κB by Enhancing the Degradation of TRADD. Cell. Physiol. Biochem. 2016, 40, 1063–1078. [Google Scholar] [CrossRef]

	



Verhaeghe, C.; Remouchamps, C.; Hennuy, B.; Vanderplasschen, A.; Chariot, A.; Tabruyn, S.P.; Oury, C.; Bours, V. Role of IKK and ERK pathways in intrinsic inflammation of cystic fibrosis airways. Biochem. Pharmacol. 2007, 73, 1982–1994. [Google Scholar] [CrossRef]

	



Napoli, S.; Scuderi, C.; Gattuso, G.; Bella, V.D.; Candido, S.; Basile, M.S.; Libra, M.; Falzone, L. Functional Roles of Matrix Metalloproteinases and Their Inhibitors in Melanoma. Cells 2020, 9, 1151. [Google Scholar] [CrossRef]

	



DiDonato, J.A.; Hayakawa, M.; Rothwarf, D.M.; Zandi, E.; Karin, M. A cytokine-responsive IkappaB kinase that activates the transcription factor NF-kappaB. Nature 1997, 388, 548–554. [Google Scholar] [CrossRef]

	



Venkatakrishnan, A.; Stecenko, A.A.; King, G.; Blackwell, T.R.; Brigham, K.L.; Christman, J.W.; Blackwell, T.S. Exaggerated activation of nuclear factor-kappaB and altered IkappaB-beta processing in cystic fibrosis bronchial epithelial cells. Am. J. Respir. Cell. Mol. Biol. 2000, 23, 396–403. [Google Scholar] [CrossRef]

	



Knorre, A.; Wagner, M.; Schaefer, H.E.; Colledge, W.H.; Pahl, H.L. DeltaF508-CFTR causes constitutive NF-kappaB activation through an ER-overload response in cystic fibrosis lungs. Biol. Chem. 2002, 383, 271–282. [Google Scholar] [CrossRef] [PubMed]

	



Bhattacharyya, S.; Feferman, L.; Sharma, G.; Tobacman, J.K. Increased GPNMB, phospho-ERK1/2, and MMP-9 in cystic fibrosis in association with reduced arylsulfatase B. Mol. Genet. Metab. 2018, 124, 168–175. [Google Scholar] [CrossRef]

	



Stamenkovic, I. Extracellular matrix remodelling: The role of matrix metalloproteinases. J. Pathol. 2003, 200, 448–464. [Google Scholar] [CrossRef] [PubMed]

	



Esposito, R.; Mirra, D.; Spaziano, G.; Panico, F.; Gallelli, L.; D’Agostino, B. The Role of MMPs in the Era of CFTR Modulators: An Additional Target for Cystic Fibrosis Patients? Biomolecules 2023, 13, 350. [Google Scholar] [CrossRef] [PubMed]

	



Bergin, D.A.; Hurley, K.; Mehta, A.; Cox, S.; Ryan, D.; O’Neill, S.J.; Reeves, E.P.; McElvaney, N.G. Airway inflammatory markers in individuals with cystic fibrosis and non-cystic fibrosis bronchiectasis. J. Inflamm. Res. 2013, 6, 1–11. [Google Scholar]

	



Xu, X.; Abdalla, T.; Bratcher, P.E.; Jackson, P.L.; Sabbatini, G.; Wells, J.M.; Lou, X.; Quinn, R.; Blalock, J.E.; Clancy, J.P.; et al. Doxycycline improves clinical outcomes during cystic fibrosis exacerbations. Eur. Respir. J. 2017, 49, 1601102. [Google Scholar] [CrossRef]

	



Devereux, G.; Steele, S.; Jagelman, T.; Fielding, S.; Muirhead, R.; Brady, J.; Grierson, C.; Brooker, R.; Winter, J.; Fardon, T.; et al. An observational study of matrix metalloproteinase (MMP)-9 in cystic fibrosis. J. Cyst. Fibros. 2014, 13, 557–563. [Google Scholar] [CrossRef] [PubMed]

	



Wagner, C.; Balázs, A.; Schatterny, J.; Zhou-Suckow, Z.; Duerr, J.; Schultz, C.; Mall, M.A. Genetic Deletion of Mmp9 Does Not Reduce Airway Inflammation and Structural Lung Damage in Mice with Cystic Fibrosis-like Lung Disease. Int. J. Mol. Sci. 2022, 23, 13405. [Google Scholar] [CrossRef]

	



Fridman, R.; Toth, M.; Peña, D.; Mobashery, S. Activation of progelatinase B (MMP-9) by gelatinase A (MMP-2). Cancer Res. 1995, 55, 2548–2555. [Google Scholar] [PubMed]

	



Ogata, Y.; Enghild, J.J.; Nagase, H. Matrix metalloproteinase 3 (stromelysin) activates the precursor for the human matrix metalloproteinase 9. J. Biol. Chem. 1992, 267, 3581–3584. [Google Scholar] [CrossRef]








[image: Ijms 24 13384 g001] 





Figure 1. Intracellular MMP9 expression in PwCF and in non-CF donors. MMP9 expression was analyzed in CMCs isolated from both PwCF (n = 16) and non-CF donors (n = 4) using Western blot analysis. The CMCs were lysed in Laemmli sample buffer and an aliquot of each sample, corresponding to 3 × 105 cells, was subjected to SDS-PAGE (6%), and then a WB analysis for MMP9 and β-actin was performed. 
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Figure 2. Intracellular MMP9 expression in PwCF following Trikafta® therapy. (A) MMP9 expression was monitored in the CMCs isolated from one non-responder patient and from four responder patients, both before (PRE) and after the therapy (I and II), using Western blot analysis. An aliquot of each sample, corresponding to 3 × 105 cells, was subjected to SDS-PAGE (6%), and then a WB analysis for MMP9 and β-actin was performed as a loading control. One representative blot of three is shown. (B) For each PwCF, the MMP9 detected in (A) was quantified and the MMP9:β-actin ratios were reported as means ± SD (n = 3 for each group). (C) The immunoreactive signals were quantified and the MMP9:β-actin ratios obtained following the therapy (I + II) were reported as percentages of the ratios before the therapy (PRE) for both the non-responder and the responders. Data are means ± SD from three quantifications for each PwCF (n = 6 for the non-responder and n = 24 for the responders). p < 0.001, according to a Mann–Whitney test. 
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Figure 3. Intracellular signaling pathways related to MMP9 expression in PwCF following Trikafta® therapy. (A) ERK1/2 phosphorylation and IkBα modulation were analyzed in the CMCs isolated from one non-responder patient and from four responder patients, both before (PRE) and after the therapy (I and II), using Western blot analysis. An aliquot of each sample, corresponding to 3 × 105 cells, was subjected to SDS-PAGE (10%), and then a WB analysis for the indicated antigens was performed. One representative blot of three is shown. (B) The immunoreactive signals were quantified and the ratios of phosphorylated (P) and dephosphorylated (dP) ERK 1/2 forms obtained following the therapy (I + II) were reported as percentages of the ratios before the therapy (PRE) for both the non-responder and the responders. (C) The P:dP ERK1/2 ratio was reported and compared with the ratios before (PRE) and after (POST) the therapy. (D) The IkBα:β-actin ratios obtained following the therapy (I + II) were reported as percentages of the ratios before the therapy (PRE) for both the non-responder and the responders. Data are means ± SD from three quantifications for each PwCF (the number of the data points is reported for each group). p < 0.05 and p < 0.01, according to a Mann–Whitney test. 
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Figure 4. Plasmatic MMP9 activity in PwCF and non-CF donors. (A) An aliquot (1 µL) of plasma obtained from the blood samples of the PwCF (n = 16) and the non-CF donors (n = 4) was subjected to zymography on SDS-PAGE (8%). Arrows indicate the lytic bands corresponding to MMP9 and MMP2 activity. For better visualization, the original images were converted into gray scale and inverted. (B) The MMP9-dependent lytic bands were quantified and reported as means ± SD; p < 0.01, according to a Mann–Whitney test. 
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Figure 5. (A) Plasmatic MMP9 activity in PwCF following Trikafta® therapy. MMP9 activity was measured in 1 µL plasma samples obtained from the non-responder patient and from the four responder patients, both before (PRE) and after the therapy (POST I and POST II), using zymography. One representative zymogram of three is shown for each patient. The MMP9-dependent lytic bands were quantified and reported as means ± SD from three quantifications for each PwCF (n = 3), except for CF 108 (n = 5); * p < 0.05, ** p < 0.01, *** p < 0.001, according to an ANOVA followed by a Tukey’s post hoc test. (B) MMP9 activity detected following the therapy (POST I + POST II) was reported as a percentage of the metalloprotease activity before the therapy (PRE) for both the non-responder and the responders. Data are means ± SD from three quantifications for each PwCF (n = 6 for the non-responder and n = 28 for the responders). p < 0.001, according to an unpaired t-test test. 
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Figure 6. Plasmatic MMP9 activity in other PwCF following Trikafta® therapy. (A) MMP9 activity was measured in 1 µL samples of plasma obtained from eight other PwCF, both before (PRE) and after the therapy (POST I), using zymography. (B) Quantification of the MMP9-dependent lytic bands shown in (A) (n = 1). 
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Figure 7. Schematic drawing depicting the possible effect of Trikafta® therapy on the NF-kB pathway that leads to MMP9 upregulation in CF CMCs. [Ca2+]i: intracellular calcium concentration; P: phosphoric group; Ub: ubiquitin. 
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Table 1. Clinical details of PwCF (both responders and non-responders) to Trikafta® therapy (n = 5).
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	CF Patient

Sample Timing
	Age
	Gender
	CFTR Mutation
	FEV1

(%)
	Sweat Chloride Test *
	CFTR Activity §





	76-PRE
	48
	M
	F508del/F508del
	86
	113
	ND



	76-POST I
	
	
	
	83
	67
	106



	76-POST II
	
	
	
	78
	NA
	36



	85-PRE
	23
	F
	F508del/E585X
	34
	104
	85



	85-POST I
	
	
	
	35
	96
	24



	85-POST II
	
	
	
	35
	97
	NA



	108-PRE
	29
	F
	F508del/L1065P
	69
	NA
	ND



	108-POST I
	
	
	
	72
	13
	189



	108-POST II
	
	
	
	72
	NA
	166



	157-PRE
	14
	F
	F508del/I1005R
	89
	NA
	13



	157-POST I
	
	
	
	135
	NA
	229



	157-POST II
	
	
	
	122
	70
	157



	161-PRE
	16
	F
	F508del/F508del
	67
	132
	32



	161-POST I
	
	
	
	113
	35
	109



	161-POST II
	
	
	
	113
	NA
	136







PRE: before the therapy; POST I: five months after the beginning of the therapy; POST II: ten months after the beginning of the therapy; NA: not available; ND: not detectable; * (Cl− mEq/L); § (I− pmol/min/103 cells).













 





Table 2. Clinical details of other PwCF, including 8 already in the early stages of Trikafta® therapy (n = 11).
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CF Patient

	
Age

	
Gender

	
CFTR Mutation

	
FEV1

(%)

	
Sweat Chloride Test *






	
68

	
34

	
M

	
F508del/N1303K

	
PRE: 62

	
POST I: 83

	
PRE: 120

	
POST I: 94




	
73

	
35

	
M

	
F508del/G542X

	
PRE: 32

	
POST I: 44

	
PRE: 109

	
POST I: 109




	
87

	
55

	
F

	
F508del/R334W

	
PRE: 77

	
PRE: 115




	
150

	
31

	
M

	
F508del/2184insA

	
PRE: 83

	
PRE: 70




	
153

	
17

	
F

	
F508del/R553X

	
PRE:43

	
POST I: 75

	
PRE: NA

	
POST I: 47




	
154

	
25

	
F

	
F508del/W1282X

	
PRE: 106

	
PRE: NA




	
164

	
17

	
F

	
F508del/W1282X

	
PRE: 113

	
POST I: 152

	
PRE: 110

	
POST I: 50




	
166

	
22

	
F

	
F508del/F508del

	
PRE: 77

	
POST I: 99

	
PRE: 107

	
POST I: NA




	
173

	
14

	
M

	
F508del/S13R

	
PRE: 111

	
POST I: 101

	
PRE: NA

	
POST I: NA




	
174

	
14

	
M

	
F508del/2183AA>G

	
PRE: 81

	
POST I: 89

	
PRE: NA

	
POST I: 52




	
179

	
31

	
M

	
F508del/D110H

	
PRE: 92

	
POST I: 107

	
PRE: NA

	
POST I: NA








PRE: before the therapy; POST I: five months after the beginning of the therapy; NA: not available. * (Cl− mEq/L).
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