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A B S T R A C T   

Background: Cystic fibrosis (CF) is associated with dysregulated immune responses, exaggerated inflammation and chronic infection. CF trans-
membrane conductance regulator (CFTR) modulator therapies directly target the underlying protein defects and resulted in significant clinical 
benefits for people with CF (pwCF). This study analysed the effects of triple CFTR modulator therapy elexacaftor/tezacaftor/ivacaftor (ETI) on CF- 
associated inflammation, especially systemic chemokines. 
Methods: A bead-based immunoassay was used to quantify proinflammatory chemokines (IL-8, IP-10, Eotaxin, TARC, RANTES, MIP-1α, MIP-1β, MIP- 
3α, MIG, ENA-78, GROα, I-TAC) in plasma samples from pwCF collected before, at three, and at six months after starting ETI therapy. 
Results: Fifty-one pwCF (47 % female; mean age 32 ± 10.4 years) were included. At baseline, 67 % were already receiving CFTR modulator therapy 
with tezacaftor/ivacaftor or lumacaftor/ivacaftor. After initiation of ETI therapy there was a significant improvement in percent predicted forced 
expiratory volume in 1 s (+12.7 points, p < 0.001) and a significant decrease in sweat chloride levels (− 53.6 %, p < 0.001). After 6 months’ 
treatment with ETI therapy there were significant decreases in plasma levels of MIP-3α (− 68.2 %, p = 0.018), GROα (− 17.7 %, p = 0.013), ENA-78 
(− 16.3 %, p = 0.034) and I-TAC (− 3.4 %, p = 0.032). IL-8 exhibited a reduction that did not reach statistical significance (− 17.8 %, p = 0.057); 
levels of other assessed cytokines did not change significantly from baseline. 
Conclusions: ETI appears to affect a distinct group of chemokines that are predominately associated with neutrophilic inflammation, demonstrating 
the anti-inflammatory properties of ETI therapy.   

1. Introduction 

Exaggerated inflammation is a major driver of disease progression in cystic fibrosis (CF) that primarily, but not exclusively, affects 
the lungs [1]. CF-associated inflammation results from a complex interplay of dysregulated immune responses and chronic infection, 
contributing to airway obstruction, loss of lung function and progressive lung destruction [1,2]. The link between dysfunctional CF 
transmembrane conductance regulator (CFTR) protein and dysregulated immune responses in pwCF is not fully understood. CFTR 
modulator therapy directly targets the underlying protein defects and has shown clinical benefits in pwCF who have a wide range of 
different CFTR mutations. Elexacaftor/tezacaftor/ivacaftor (ETI) has been approved as a triple combination CFTR modulator therapy 
for pwCF with at least one copy of the CFTR variant F508del by the European Commission in 2020 and has been shown to improve 
quality of life and lung function to a greater extent than the previous generation of dual combination CFTR modulators [3,4]. Despite 
existing evidence for significant improvements in pulmonary function tests and in health-related quality of life during ETI therapy, 
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further research is needed to evaluate the effects of CFTR modulators on CF-associated inflammatory and immune processes. These 
effects on inflammatory processes are essential to our understanding of CF-associated inflammation and important to identify pwCF 
who might benefit from additional anti-inflammatory treatment strategies. Data from previous studies analysing the effects of mono 
and dual combination CFTR modulators on inflammatory markers in sputum and plasma from pwCF are inconsistent [5–8]. Recent 
studies have reported a normalisation of circulating neutrophil counts [9], improvements in monocyte/macrophage function [10,11], 
and reduction in airway and systemic proinflammatory cytokines [12–16] in pwCF receiving triple combination ETI. Overall, data on 
the immunological impact of CFTR modulator therapy are scarce and incomplete. Chemokines orchestrate immune responses and 
stimulate the migration of leukocytes [17], but have received limited attention in CF research. Chemokines are categorized into 
subfamilies, with CC chemokines being primarily responsible for the recruitment of monocytes/macrophages, eosinophils and specific 
lymphocyte subsets [18]. In bronchoalveolar lavage from children with CF compared with healthy controls, elevated levels of CC 
chemokines have been detected, even in the absence of apparent pulmonary infection [19]. Furthermore, CXC chemokines like IL-8 
(CXCL8) attract neutrophils and are predominately associated with neutrophilic inflammation (19). Neutrophilic inflammation 
significantly contributes to the onset and progression of CF lung disease [18,20–22]. The study aimed to assess systemic levels of CC 
and CXC chemokine families during the initial 6 months of ETI therapy. We hypothesised that ETI therapy would have an effect on 
chemokine profiles in individuals with CF. 

2. Methods 

2.1. Study design and participants 

This exploratory, observational study was started between June and November 2020 (T0, baseline). PwCF were invited to follow- 
up consultations at three (T1) and at six (T2) months after initiation of ETI therapy. Those presenting with acute respiratory infection 
or pulmonary exacerbation at baseline and/or follow-up were excluded from the final analysis. Routine clinical data were extracted 
from medical records at baseline and after three and six months of treatment with ETI. This included body mass index (BMI; kg/m2), 
forced expiratory volume in 1 s (FEV1; L) and percent predicted (pp) FEV1, C-reactive protein (CRP; mg/dL) and leukocytes (/nL). 

2.2. Sample preparation and quantification of chemokines 

Sample collection was supported by the West German Biobank. Whole blood was collected in VACUETTE® heparin tubes (Greiner 
Bio-One, Kremsmünster, Austria), underlayed with Biocoll® separating solution (Bio&Sell, Feucht, Germany) and centrifuged at 400 
rcf for 25 min. Plasma samples for chemokine measurements were collected and stored at − 80 ◦C until analysis. Concentrations (pg/ 
mL) of twelve systemic chemokines (MIP-1α [CCL3], RANTES [CCL5], IP-10 [CXCL10], Eotaxin [CCL11], TARC [CCL17], MIP-1β 
[CCL4], MIG [CXCL9], MIP-3α [CCL20], ENA-78 [CXCL5], GROα [CXCL1], I-TAC [CXCL11] and interleukin [IL]-8 [CXCL8]) were 
quantified in thawed plasma samples using the bead-based immunoassay LEGENDplex® (LEGENDplex® Human proinflammatory 
chemokine panel 1, BioLegend, Koblenz, Germany) according to the manufacturer’s instructions [23]. The selected panel contained 

Table 1 
Characteristics of people with cystic fibrosis (n = 51) receiving triple combination cystic fibrosis transmembrane conductance regulator modulator 
therapy, at baseline and at 3- and 6-month follow-up.   

Baseline ETI p-value (BL-3M) p-value (BL-6M) p-value (3M–6M) 

3 months 6 months 

Age, years, mean (SD) 32 (10.4) – – – – – 
Female sex, n (%) 24 (47) – – – – – 
ppFEV1, mean (SD) 50.2 (21.6) 62.8 (22.8) 62.5 (23.2) <0.001 <0.001 0.240 
BMI, kg/m2, mean (SD) 20.3 (2.5) 21.3 (2.6) 21.9 (2.6) <0.001 <0.001 <0.001 
Six-minute walk test, m, mean (SD) 521.8 (96.1) 594.8 (120.7) 606.2 (119.3) <0.001 <0.001 0.327 
Sweat chloride, mmol/L, mean (SD) 113.5 (73) 52.7 (19.2) 48.9 (17.6) <0.001 <0.001 0.169 
Leukocytes,/nL, median (Q1, Q3) 9.2 (7.1, 12.9) 6.7 (5.5, 8.2) 6.9 (5.7, 8.7) <0.001 <0.001 0.082 
CRP, mg/dL, median (Q1, Q3) 0.4 (0.4, 1.6) 0.4 (0.4, 0.4) 0.4 (0.4, 0.4) <0.001 <0.001 0.875 
P. aeruginosa infection, n (%) 
Chronic 22 (43) – – – – – 
Non chronic 29 (57) – – – – – 
CFTR genotype, n (%)       
Homozygous dF508 37 (72.5) – – – – – 
Heterozygous dF508 12 (23.5) – – – – – 
Other 2 (4) – – – – – 
Prior CFTR modulator therapy, n (%) 
Tezacaftor/ivacaftor 31 (60) – – – – – 
Lumacaftor/ivacaftor 3 (6) – – – – – 
None 17 (33) – – – – – 

Values are mean or median as indicated. 3 M, 3 months; 6 M, 6 months; BL, baseline; BMI, body mass index; CF, cystic fibrosis; CFTR, cystic fibrosis 
transmembrane conductance regulator; CRP, C-reactive protein; ETI, elexacaftor/tezacaftor/ivacaftor; ppFEV1, percent predicted forced expiratory 
volume in 1 s; Q, quartile. Statistics: p-value describe changes between paired measurements. 
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both important members of the CC and the CXC chemokine subfamilies, which are associated with the attraction of lymphocytes, 
macrophages, eosinophils and neutrophils. In brief, plasma samples were incubated with capture bead/chemokine antibody conju-
gates followed by the addition of a biotinylated detection antibody cocktail and the streptavidin conjugated fluorochrome PE. Signal 

Fig. 1. Correlation analysis of plasma chemokine levels and clinical parameters, visualized by correlation matrices. Positive correlations are shown 
in blue, negative correlations in red. Colour intensity is proportional to the correlation coefficients. A: Correlation matrix of baseline chemokines 
and clinical parameters. B: Correlation matrix for change (%) in plasma chemokine levels and clinical parameters before and 6 months after 
receiving elexacaftor/tezacaftor/ivacaftor. BMI, body mass index; CRP, C-reactive protein; Leuko, leukocytes; ppFEV1, percent predicted forced 
expiratory volume in 1 s. Statistics: Spearman correlation. 
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intensities were quantified by flow cytometry (CytoFLEX LX, Beckman Coulter). Standard curve dilution samples and test samples were 
analysed in duplicate (Table S1). Finally, chemokine concentrations were determined using the LEGENDplex 8.0 software package. 

2.3. Statistical analyses 

Statistical operations were performed using GraphPadPrism version 9 and/or R studio (version 2023.09.1+494). The normality of 
data was assessed through histogram analysis and the application of the Shapiro-Wilk test. Two-tailed (un)paired Student-t-test and 
Mann–Whitney U test were used to analyse normally distributed and nonparametric data, respectively. Nonparametric, paired data 
were analysed using the Wilcoxon signed-rank test. Pearson Chi-squared test was used to assess frequency distributions of categorical 
data. Correlations were analysed using the pairwise Spearman correlation test. Changes in chemokine levels were tested with a mixed- 
effects model with the participant as random effect. Correction for multiple testing was performed using the linear step-up procedure 
by Benjamini-Krieger-Yekutieli. Data are displayed as mean and standard deviation or median with first and third quartile, as indi-
cated. Statistical significance was defined as p < 0.05. Chemokine results below the detection limit have been replaced with the 
detection limit divided by √2 in order to minimize censoring bias [24]. 

3. Results 

3.1. Study population and clinical outcomes 

A total of 51 pwCF were enrolled in this exploratory study. The study population included 24 females (47 %) and 27 males (53 %), 

Fig. 2. Chemokine measurements (CC chemokines) in plasma from patients with cystic fibrosis receiving elexacaftor/tezacaftor/ivacaftor (in pg/ 
mL, log10 transformation). T0, baseline; T1, 3 months; T2, 6 months. Statistics: median, boxplots (Tukey style), mixed-effects model and correction 
for multiple comparisons: ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001. 
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with a mean age of 32 years (Table 1). At baseline, 34 study participants (67 %) were being treated with dual combination CFTR 
modulator therapies tezacaftor/ivacaftor or lumacaftor/ivacaftor. Of these, 33/34 (97 %) were homozygous for the dF508 mutation. 
Sweat chloride levels (p = 0.843) and percent predicted FEV1 (ppFEV1, p = 0.147) did not differ significantly between pwCF receiving 
or not receiving CFTR modulator therapy at baseline. Baseline CRP and leukocytes were initially above normal ranges in several pwCF. 
After 6 months’ treatment with ETI, there was a significant increase in ppFEV1 (+12.7 points, p < 0.001) and a significant reduction in 
sweat chloride levels (− 53.6 %, p < 0.001). Average CRP and leukocyte levels were within the normal ranges at 3- and 6-month follow- 
up. 

3.2. Systemic chemokine levels at baseline 

Plasma samples for chemokine measurements were available from all included participants at baseline and follow-up. At baseline, 
measurable chemokine levels were detected in more than 75 % of the analysed plasma samples, except for MIP-1α which had the 
lowest rate of detection (18/51, 35 %). Given that the baseline characteristics of our study population might have influenced levels of 
proinflammatory chemokines, we stratified baseline chemokine data for Pseudomonas aeruginosa infection status, CFTR genotype and 
prior CFTR modulator therapy (Table S2). Significantly lower eotaxin levels were measured in pwCF with prior CFTR modulator 
therapy (346.9 pg/mL vs. 543 pg/mL, p = 0.015). No significant differences in chemokine levels were observed between pwCF with 
and without chronic P. aeruginosa infection at baseline. Overall, correlations between chemokine levels and clinical parameters were 
weak. Levels of eotaxin and RANTES showed weak positive correlations with ppFEV1 (r = 0.224, p = 0.114 and r = 0.280, p = 0.046; 
respectively; Fig. 1A). IP-10 and ITAC were associated with CRP (r = 0.397 = , p = 0.005 and r = 0.379, p = 0.008; respectively; 

Fig. 3. Chemokine measurements (CXC chemokines) in plasma from patients with cystic fibrosis receiving elexacaftor/tezacaftor/ivacaftor (in pg/ 
mL, log10 transformation). T0, baseline; T1, 3 months; T2, 6 months. Statistics: median, boxplots (Tukey style), mixed-effects model and correction 
for multiple comparisons: ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001. 
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Fig. 1A), and there was a negative correlation between RANTES levels and CRP (r = − 0.320, p = 0.027). 

3.3. ETI alters systemic chemokine levels 

There were significant reductions in plasma levels of MIP-3α, ENA-78 and GROα at 6 months and of I-TAC at 3 and 6 months after 
initiation of ETI (Figs. 2–3; Table S3). In addition, plasma levels of IL-8 were reduced from baseline at the 3- and 6-month follow-up, 
but changes did not reach statistical significance after correction for multiple testing (Figs. 2–3; Table S3). Plasma levels of all other 
analysed chemokines remained stable during the 6-month follow-up period (Figs. 2–3; Table S3). At baseline, eotaxin levels were lower 
in pwCF with prior CFTR modulator therapy, but were not reduced further after initiation of ETI in the overall study population (p =
0.073). However, in the subgroup of pwCF without prior CFTR modulator therapy (n = 17), plasma eotaxin levels were significantly 
decreased after 6 months of ETI therapy (median 543.0 pg/mL at baseline versus 459.75 pg/mL at 6 months, p < 0.001). Decreases in 
IL-8 levels were significantly associated with improved ppFEV1 (r = − 0.277, p = 0.049). In addition, there were associations between 
decreases in MIP-1α and MIP-1β levels and improved ppFEV1 (r = − 0.289, p = 0.040; r = − 0.228, p = 0.107; respectively, Fig. 1B). 

4. Discussion 

ETI improves lung function and reduces pulmonary exacerbations in pwCF, but its potential to attenuate CF inflammation remains 
insufficiently investigated. We hypothesised that levels of chemokines, particularly those associated with neutrophilic inflammation, 
would decrease in response to ETI. The results of the current study showed that ETI affected three out of six analysed CXC chemokines, 
whereas only one of the analysed CC chemokines was found reduced. The role of chemokines in the pathogenesis of cystic fibrosis has 
not been studied in detail. However, the introduction of highly effective CFTR modulator therapy provides an opportunity to study the 
effects of CFTR restoration on chemokines and to identify chemokines with potential pathological expression in untreated CF disease. 

CXC chemokines are powerful in both attracting and activating neutrophils [18]. Among CXC chemokines, GROα and ENA-78 
exhibit structural und functional homologies and were significantly downregulated in pwCF receiving ETI in the present study 
[17]. In addition, we observed moderate downregulation of the CXC chemokines I-TAC and IL-8. Decreased IL-8 levels were also linked 
to improvements in FEV1. In particular, the role of IL-8 has been studied in CF. IL-8 significantly contributes to the dysregulated and 
hyperabundant attraction of neutrophils within CF lungs [22]. It has also been found to be elevated in both bronchoalveolar lavage 
fluid and blood from pwCF compared with healthy controls [12,25,26]. To our knowledge, IL-8 is the only chemokine that has been 
studied in pwCF receiving CFTR modulator therapy [6,12,14]. Consistent with our data, Sheikh et al. and Schaupp et al. reported 
reductions in plasma and sputum levels of IL-8 in pwCF receiving ETI [12,14]. However, the reduction in IL-8 observed was relatively 
modest in our study. Conflicting and supporting data exist concerning the role of GROα in CF. Experimental restoration of CFTR also 
suppressed GROα secretion in human CF epithelial models [27]. However, plasma levels of GROα were not been elevated in untreated 
pwCF compared with healthy controls in a previous study [28]. There is limited evidence about the proinflammatory role of ENA-78 
and I-TAC in cystic fibrosis from experimental studies [29,30]. However, to our knowledge ENA-78 and I-TAC concentrations have not 
previously been analysed in plasma or sputum from pwCF. Our findings indicate that not only IL-8, but also three other CXC che-
mokines are downregulated in response to ETI, suggesting mainly a decline of neutrophilic inflammation. Overall, these results are in 
line with previous studies reporting a normalisation of circulating neutrophil counts [9], reduced neutrophil-associated systemic 
cytokines [12,13] and reduced inflammatory airway markers such as neutrophil elastase in pwCF receiving ETI [14,15]. 

Among CC chemokines, plasma levels of MIP-3α were reduced in pwCF receiving ETI in this study. MIP-3α attracts memory T- 
lymphocytes, neutrophil subsets and dendritic cells [31,32]. In the context of CF and chronic lung diseases, MIP-3α has been identified 
as a product of the human airway epithelium that is stimulated by proinflammatory cytokines such as IL-1β and TNF-α [33]. 
Furthermore, MIP-3α concentrations have been found to be significantly elevated in bronchoalveolar lavage fluid from pwCF 
compared with healthy controls [19,33]. Anti-inflammatory/antibacterial therapy with azithromycin was also associated with a 
decline of MIP-3α in pwCF [34]. Other chemokines of the CC chemokine family (MIP-1α, MIP-1β) have also been found to be elevated 
in bronchoalveolar lavage fluid and blood from pwCF [19,35], but plasma levels of these chemokines were not significantly altered by 
treatment with ETI in the present study. However, we did find weak associations between reductions in MIP-1α and MIP-1β levels and 
improvements in lung function during ETI therapy. Eotaxin has been evaluated in eosinophilic airway diseases, but little is known 
about its function in CF. The reduction of MIP-3α in response to ETI, alongside with stable levels of several other CC chemokines, 
implies an important role of MIP-3α in CF-associated inflammation. In contrast to the other analysed CC chemokines, MIP-3α also 
attracts neutrophils in addition to lymphocytes and other immune cells, in line with the earlier mentioned decline of neutrophilic 
inflammation observed in pwCF receiving ETI [31,32]. 

Despite their involvement in inflammatory processes, plasma levels of several CC and CXC chemokines remained stable and 
therefore appear to be unaffected by ETI therapy. Potentially, the expression of certain chemokines is directly associated with CFTR 
function or induced by CFTR-dependent mediators. Estell et al. have shown that RANTES expression depends on the presence of CFTR 
in plasma membranes of cultured human epithelial cells [36,37]. Furthermore, the CXC chemokines IP-10 and MIG are induced by 
interferon-γ, which in turn has been found reduced in airways of pwCF [38–40]. Thus, CFTR restoration by CFTR modulator therapy 
might even paradoxically enhance or at least prevent a reduction of some proinflammatory chemokines. Other chemokines may be 
equally distributed among pwCF with and without CFTR modulator therapy and healthy individuals. 

This study of plasma chemokines has limitations. First, our study was limited by missing sputum/bronchoalveolar lavage fluid 
samples. The composition of chemokines in the airways might differ from that in plasma. Second, no samples from healthy controls 
were available. Hence, estimating the degree of chemokine reduction in relation to baseline levels from healthy controls was not 
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possible. Our baseline cohort was heterogeneous regarding infection status, genotype and prior CFTR modulator therapy, which may 
affect the study findings. Further, our cohort included pwCF with mild to severe lung disease. However, the average ppFEV1 was lower 
than in the approval study for ETI. In addition, pwCF homozygous for the dF508 mutation were overrepresented. Therefore, our results 
might not be directly applicable to pwCF who have milder disease and/or other disease-causing mutations. We analysed a medium- 
sized cohort of 51 pwCF during the first six months of ETI therapy. The results from our single-center study necessitate validation from 
future, long-term studies. 

5. Conclusion 

This is the first study to analyse CC and CXC chemokine levels in pwCF receiving ETI therapy. Overall, our study highlight dif-
ferential effects of ETI therapy on systemic chemokines in pwCF. We observed significant downregulation of the CC chemokine MIP-3α 
and of the CXC chemokines I-TAC, GROα, and ENA-78 primarily suggesting a decline of neutrophilic inflammation. Levels of several 
other proinflammatory chemokines were unchanged or even increased during treatment with ETI. Targeting chemokines could 
potentially be a future therapeutic option for pwCF who display a persistent inflammatory phenotype. 
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