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a b s t r a c t 

Background: We previously documented that elevated HE4 plasma concentration decreased in people 

with CF (pwCF) bearing the p.Gly551Asp-CFTR variant in response to CFTR modulator (CFTRm) ivacaftor 

(IVA), and this level was inversely correlated with the FEV1% predicted values (ppFEV1). Although the 

effectiveness of lumacaftor (LUM)/IVA in pwCF homozygous for the p.Phe508del-CFTR variant has been 

evaluated, plasma biomarkers were not used to monitor treatment efficacy thus far. 

Methods: Plasma HE4 concentration was examined in 68 pwCF drawn from the PROSPECT study who 

were homozygous for the p.Phe508del-CFTR variant before treatment and at 1, 3, 6 and 12 months after 

administration of LUM/IVA therapy. Plasma HE4 was correlated with ppFEV1 using their absolute and 

delta values. The discriminatory power of delta HE4 was evaluated for the detection of lung function 

improvements based on ROC-AUC analysis and multiple regression test. 

Results: HE4 plasma concentration was significantly reduced below baseline following LUM/IVA admin- 

istration during the entire study period. The mean change of ppFEV1 was 2.6% (95% CI, 0.6 to 4.5) by 

6 months of therapy in this sub-cohort. A significant inverse correlation between delta values of HE4 

and ppFEV1 was observed especially in children with CF ( r = -0.7053; p < 0.0 0 01). Delta HE4 predicted a 

2.6% mean change in ppFEV1 (AUC: 0.7898 [95% CI 0.6823–0.8972]; P < 0.0 0 01) at a cut-off value of 

-10.7 pmol/L. Moreover, delta HE4 independently represented the likelihood of being a responder with ≥
5% delta ppFEV1 at 6 months (OR: 0.89, 95% CI: 0.82–0.95; P = 0.001). 

Conclusions: Plasma HE4 level negatively correlates with lung function improvement assessed by ppFEV1 

in pwCF undergoing LUM/IVA CFTRm treatment. 

© 2023 The Authors. Published by Elsevier B.V. on behalf of European Cystic Fibrosis Society. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Cystic fibrosis (CF) is an autosomal rare monogenic disease 

aused by pathogenic variants (legacy term mutations) in the CFTR 

ene encoding the CFTR (CF transmembrane conductance regula- 
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onate and regulates ion and fluid transport in an organ-specific 

anner [1] . More than 2100 variants have been identified in CFTR 

ith the major p.Phe508del (legacy nomenclature F508del) CFTR 

llele accounting for approximately 80% of all CF-causing muta- 

ions worldwide [2] . CFTR dysfunction results in a multisystem dis- 

ase, which is characterized by airway clogging by thick mucus 
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Fig. 1. The mean change (with 95% CI) of sweat chloride concentrations (A), ppFEV1 (B), BMI (C) and plasma HE4 concentrations measured in CF patients ( n = 68) before 

LUM/IVA therapy and after 1, 3, 6 and 12 months. Statistical analyses were performed using the Friedman test with Dunn’s post hoc test. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, 
∗∗∗∗P < 0.0 0 01 compared to baseline. 
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ecretion associated with progressive sino-bronchial disease, and 

hronic lung colonization with pathognomonic bacteria, such as P. 

eruginosa [1] . 

In the last decade, variant-specific treatments of the basic CFTR 

efect termed CFTR modulation (henceforward CFTRm), are uti- 

izing small molecules that foster the restoration of CFTR chan- 

el function by potentiation and/or correction of its function [3] . 

he potentiator ivacaftor (IVA) rescues the gating function of CFTR 

t the cell surface [4] , and it was approved for CF patients with

t least one Class III mutation to improve CFTR-mediated chlo- 

ide transport by increasing the open probability of apically located 

hannels [5] . The corrector lumacaftor (LUM) enhances trafficking 

f the “mutated” p.Phe508del-CFTR protein to the apical cell sur- 

ace [6] , and is used to treat CF subjects who are homozygous for 

he p.Phe508del-CFTR mutation [7] . 

The first large-scale clinical trials revealed that combined treat- 

ent with LUM and IVA improves lung function, patients’ nutri- 

ional status, and thus the quality of their life. This combination 

lso reduces the rate of pulmonary exacerbations in individuals 

omozygous for the p.Phe508del-CFTR allele [ 8 , 9 ]. The clinical ef- 

ectiveness and safety of LUM/IVA have been evaluated in sub- 

equent clinical trials [10–13] . Bioactivity of LUM/IVA was estab- 

ished by the substantial decrease of sweat chloride concentrations 

hat were evident already at 1-month post-administration and re- 

ained as such until 24 weeks of the trial [ 10 , 11 , 13 ]. In contrast,

on-significant changes [ 11 , 13 ] or only modest improvement in 

EV1% predicted values (ppFEV1) [ 8-10 , 13 ] were observed in sub- 

ects undergoing LUM/IVA therapy. This discrepancy does not mean 

hat LUM/IVA does not sufficiently improve lung function, but it 
2 
ay be caused by the heterogeneity of these studies which in- 

luded people with CF (pwCF) with a wide range of lung function 

alues and different study designs [ 13 , 14 ]. 

Recently, we commenced systematic analysis of human epi- 

idymis protein 4 (HE4) plasma concentrations since HE4 appears 

o be a novel blood-based biomarker in pwCF [ 15 , 16 ]. In addi-

ion, we investigated its altered expression in CF in vitro [17] . This 

rotein is encoded by the WFDC2 (MIM: 617,548) gene [18] , and 

as been utilised in tumor profiling in epithelial ovarian cancers 

19] and lung tumours [20] . It is a member of the whey acidic pro-

ein (WAP) family that is homologous to other serine proteinase 

nhibitors, comprising elafin and secretory leukocyte protease in- 

ibitors (SLPIs) [21] . Similarly to these family members, HE4 also 

isplays a variety of functions in the lung. For instance, it acts 

s an anti-proteinase in the frame of epithelial host defences of 

he respiratory tract [22] . Before our investigations, a possible as- 

ociation between HE4 and CF was described by immunohisto- 

hemistry techniques aimed at the assessment of enhanced WFDC2 

ene expression (hence HE4) in CF lung biopsy samples contain- 

ng mainly tracheobronchial epithelial cells [23] . We then further 

emonstrated that elevated HE4 concentrations were positively as- 

ociated with the degree of pulmonary dysfunction and with the 

verall CF disease severity in ethnically unrelated pwCF cohorts 

15] . On the other hand, plasma HE4 concentrations inversely cor- 

elated with lung function improvement in pwCF bearing at least 

ne p.Gly551Asp (G551D) CFTR variant on IVA medication [16] . 

urthermore, in response to in vitro rescue of CFTR function by 

UM/IVA, HE4 expression was lowered in CFBE 41o − cells express- 

ng p.Phe508del-CFTR [17] . 
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Fig. 2. Analysis of correlation between HE4 concentrations and ppFEV1 values determined at baseline (A) and 6 months after the initiation of LUM/IVA treatment (B). The 

relationship between the mean change of HE4 and delta ppFEV1 in all study participants (C). We separately analyzed this later association among pwCF under 18 years of 

age (D). All correlations were studied by the Spearman test. 
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In this study we evaluated the utility of in vivo examination 

f plasma HE4 to investigate whether this protein may serve as 

 potential plasma-based biomarker in pwCF undergoing LUM/IVA 

herapy. For this purpose, a large sub-cohort of pwCF homozygous 

or the p.Phe508del-CFTR variant, who previously participated in 

he PROSPECT study [13] , was examined for their plasma HE4 con- 

entrations. Hereby, we aimed to confirm our recent findings on 

he inverse correlation between changes in HE4 concentrations and 

pFEV1 values in patients treated with LUM/IVA. 

. Methods 

.1. Cohort of pwCF 

Overall, 68 pwCF with two p.Phe508del-CFTR mutations were 

andomly selected from the pre-existing cohort drawn from the 

ROSPECT study [13] . These pwCF aged 6 years or older were 

reated with LUM/IVA (Orkambi®, Vertex Pharmaceuticals, Boston, 

A, USA). Inclusion and exclusion criteria were formerly described 

y the study organizers (data not shown). Five study visits were 

erformed: at baseline (pre-LUM/IVA), and at 1, 3, 6 and 12 

onths after the initiation of LUM/IVA. K 3 -EDTA anticoagulated 

lasma specimens were requested from the Cystic Fibrosis Foun- 

ation Therapeutics (CFFT) Biorepository (Bethesda, MD, USA) to 

etrospectively measure plasma HE4 concentrations. 

.2. Baseline demographic and clinical parameters of enrolled pwCF 

In this cohort, 39 females (57.4%) and 29 males (42.6%) were 

nrolled, and the median age was 16 years (min, 6 years; 
3 
ax, 29 years). Of 68 pwCF, there were 38 participants un- 

er 18 years of age (children and adolescents), while 30 adults 

ere recruited. At baseline, lung function was relatively high, 

edian ppFEV1 = 80.8% (27.6–94.7), and sweat chloride con- 

entrations were over 60 mmol/L in all pwCF, median (min- 

ax), 100.8 mmol/L (64–116). Pre-treatment BMI values (median, 

0.1 kg/m 

2 ) were within the range of (min-max), 17.9–21.8 kg/m 

2 . 

inally, P. aeruginosa positivity 1 year before and after initiation of 

UM/IVA therapy was detected in 32 cases (47%) among these sub- 

ects (Suppl. Table 1). 

Based on the baseline ppFEV1 categories set by Sagel et al. [13] , 

ecruited pwCF were split into three sub-groups: < 50% ppFEV1 

 n = 9), 50–89% ppFEV1 ( n = 45), and ≥ 90% ppFEV1 ( n = 14).

urthermore, study participants were sub-grouped as: 1) “respon- 

ers” if they experienced an increase in ppFEV1 greater than 5% 

t 6 months (26 of 68 [38.2%]), and 2) “non-responders” if they 

howed an increase in ppFEV1 of less than 5% (42 of 68 [61.8%]). 

one of these pwCF had an acute exacerbation of their CF lung 

isease during the study period. 

.3. Laboratory analysis 

Plasma HE4 concentrations were examined in an analyst- 

linded manner and were correlated with ppFEV1, sweat chlo- 

ide concentrations, and BMI. Chemiluminescent microparticle im- 

unoassay (Architect-i10 0 0SR®, Abbott Diagnostics, Wiesbaden, 

ermany) was used to analyze HE4 plasma concentrations as was 

ormerly done in other CF study cohorts [15–17] . 
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Fig. 3. The mean difference of plasma HE4 concentrations was determined based 

on the baseline ppFEV1 categories of < 50% (A), 50–89% (B), and ≥ 90% (C), respec- 

tively. On the left, baseline values and results at 6 months of LUM/IVA treatment 

are depicted demonstrating the tendency of HE4 change in each sub-cohort, while 

the mean difference values with single values (dots) are shown on the right. Val- 

ues are expressed as mean (95% CI) values. Baseline and 6-month HE4 values were 

compared by paired t -test. ∗∗∗P < 0.001 vs baseline. 
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.4. Ethics statement 

This study was approved by the Regional Ethics Committee of 

he University of Debrecen (permit number: 4813–2017) follow- 

ng the World Medical Association Declaration of Helsinki—Ethical 

rinciples for Medical Research Involving Human Subjects. The 

iorepository application was reviewed and accepted by CFFT pro- 

iding fully anonymized pwCF samples. 

.5. Statistical analyses 

Statistical tests are described in the Supplementary materials. 

nalyses were performed using GraphPad Prism, version 9 (Graph- 
4

ad Software, La Jolla, CA, USA) and SPSS Statistics software, ver- 

ion 26.0 (IBM Corporation). 

. Results 

.1. Changes in clinical parameters and plasma HE4 in response to 

UM/IVA treatment 

Sweat chloride decreased by an average of −18.1 mmol/L (95% 

I, −22.3 to −15.0) from baseline by 1 month following LUM/IVA 

dministration and such decreased values remained at this level at 

 months (mean value of −18.9 mmol/L; 95% CI, −24.5 to −14.8) 

ompared to pre-treatment data ( Fig. 1 A). In ppFEV1, a moderate, 

tatistically not significant change was observed from baseline to 

 to 6 months, with a mean change at 1 month of 1.6% (95% CI,

0.4 to 3.6) and at 6 months of 2.6% (95% CI, 0.6 to 4.5) in this

ub-cohort ( Fig. 1 B) in contrast to the results of the entire study 

opulation [13] . Nutritional status substantially improved, as indi- 

ated by steadily increased BMI values throughout the study with 

 mean change of 0.73 kg/m 

2 (95% CI, 0.42 to 0.98) at 6 months 

 Fig. 1 C). 

Plasma HE4 concentrations before the introduction of LUM/IVA 

herapy were similar (median, IQR, 68.5 (56.6–87.3) pmol/L) in 

ther CF cases before IVA treatment (63.1 [47.9–97.5] pmol/L) in 

ur previous study [16] (Suppl. Fig. 1 A). Plasma HE4 levels were 

educed at all post-treatment time points showing the largest 

elta value at 6 months, i.e., −10.7 mmol/L (95% CI, −15.4 to 

5.9) vs baseline ( Fig. 1 D). Interestingly, the mean change of HE4 

 −6.5 pmol/L, 95% CI, −12.4 to −0.5) was smaller at 12 months 

mong these pwCF, which was related to less improved lung func- 

ion (delta ppFEV1: 1.0% (95% CI, −1.7 to 3.8) by the end of study 

ourse. 

Using Spearman tests, the comparison of change in ppFEV1 at 

 and 6 months against changes in sweat chloride concentration 

t 1 month ( r = 0.0595; P = 0.6403) and 6 months ( r = 0.0148,

 = 0.9117) did not reveal consistent trends (Suppl. Fig. 1 B and C).

hus, we sought to investigate the potential of the HE4 plasma- 

ased biomarker to monitor the effect of LUM/IVA CFTRm treat- 

ent throughout the study visits. 

.2. HE4 plasma concentration strongly correlates with ppFEV1 

Initially, we correlated the HE4 concentrations with the ppFEV1 

alues determined at baseline and 6 months after the initiation of 

UM/IVA therapy (i.e., when the largest improvement in ppFEV1 

as detected) to observe whether absolute values of plasma HE4 

eflected the lung function status. A significant inverse correlation 

as detected between pre-treatment values of plasma HE4 and 

pFEV 1 ( r = −0.5661; P < 0.0 0 01) ( Fig. 2 A). Likewise, there was

 significant negative relationship between plasma HE4 concentra- 

ions and ppFEV1 at 6 months of LUM/IVA therapy ( r = −0.5294; 

 < 0.0 0 01) ( Fig. 2 B). In parallel, the mean change of HE4 from

aseline (i.e., delta HE4 of its plasma level) similarly correlated 

ith delta ppFEV1 ( r = −0.5297; P < 0.0 0 01) in all study partic-

pants ( Fig. 2 C). However, when we separately analyzed this asso- 

iation among pwCF under 18 years of age, a stronger correlation 

as found in childhood ( r = −0.7053; P < 0.0 0 01) ( Fig. 2 D). 

When the absolute HE4 concentrations measured at baseline 

nd 6 months were evaluated using the baseline ppFEV1 cate- 

ories of < 50%, 50–89%, and ≥ 90%, respectively, as previously 

et by Sagel et al. [13] , the baseline and 6-month HE4 concen- 

rations were significantly higher in those with < 50% baseline 

pFEV1 compared to the other two sub-groups (Suppl. Fig. 2 A and 

). More importantly, the largest, statistically significant mean dif- 

erence in HE4 was determined in these (mostly adult) pwCF with 

everely impaired lung function before treatment ( Fig. 3 A and B), 
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Fig. 4. Determination of the discriminatory power of mean change of HE4 if 2.6% (A, B) or 5% of delta ppFEV1 (C, D) at 6 months of treatment was used as the binary 

classifier using ROC-AUC curve analyses. Compared to the data of the entire cohort (A), the mean change of HE4 concentrations was more pronounced in children using the 

same cut-off value (B). When 5% of delta ppFEV1 was the classifier, the AUC value for HE4 moderately indicated corresponding lung function improvement in all pwCF (C) 

and children with CF (D). 
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hile the lowest, non-significant changes were observed in sub- 

ects with baseline ppFEV1 ≥ 90% ( Fig. 3 C). 

.3. Change in plasma HE4 predicts the improvement of CF lung 

isease under LUM/IVA therapy 

We then investigated whether decreasing HE4 concentrations 

n response to LUM/IVA predicted the improvement of CF lung 

unction as assessed by delta ppFEV1 values. Thus, we calculated 

he discriminative power of the mean change of HE4 if 2.6% delta 

pFEV1 at 6 months of treatment (i.e., the mean value of this pwCF 

ohort) was used as the binary classifier. Considerable AUC value of 

elta HE4 (0.7898 [95% CI 0.6823–0.8972], P < 0.0 0 01) was found 

ith its cut-off value of −10.7 pmol/L demonstrating 62% sensi- 

ivity and 79% specificity for the entire pwCF population ( Fig. 4 A). 

he mean change of HE4 was more powerful in CF children (0.9139 

95% CI 0.8268–1.0 0 0 0], P < 0.0 0 01) and using the same cut-

ff value sensitivity (80%) and specificity (83%) were much higher 

 Fig. 4 B). This value for HE4, when 5% delta ppFEV1 was the clas-

ifier being the expected lung function improvement from a “good 

esponder”, was 0.6786 (95% CI 0.5523–0.8048), P = 0.0139) in all 

wCF using a cut-off value of −11.8 pmol/L with a 73% sensitivity 

nd 74% specificity ( Fig. 4 C). On the other hand, the AUC value of

elta HE4 in children was higher as 0.7913 (95% CI 0.6481–0.9345), 

 = 0.0027), but at the same cut-off value, we achieved 50% sensi- 

ivity and 74% specificity ( Fig. 4 D). 

When pwCF were sub-grouped according to their responder 

tatus, i.e., with ≥ 5% mean change of ppFEV1 at 6 months of 

reatment or their non-responder status with lower delta ppFEV1, 

e found that significantly decreased plasma HE4 concentrations 
5 
ere observed only in case of responders with expected improved 

ung function by 6 months of LUM/IVA treatment ( Fig. 5 A). In con-

rast, sweat chloride concentrations (measured in mM) and BMI 

alues were significantly altered in both sub-cohorts ( Fig. 5 B and 

). These latter values indicate the overall effect of LUM/IVA medi- 

ation but cannot facilitate the assessment of responsiveness to the 

ombined CFTR modulator treatment. 

Finally, multiple logistic regression analysis was used to evalu- 

te the likelihood of being a responder against the following co- 

ariates: delta HE4, age, sex, baseline ppFEV1, sweat chloride con- 

entration, BMI, and P. aeruginosa positivity at 6 months after ini- 

iation of LUM/IVA treatment. Delta HE4 (OR: 0.89, 95%CI: 0.82–

.95; P = 0.001) and baseline ppFEV1 (OR: 1.09, 95%CI: 1.02–1.16; 

 = 0.005) were independently associated in responders compared 

o non-responders (Suppl. Table 2). 

. Discussion 

To the best of our knowledge, this is the first study which pro- 

ides evidence of the correlation of the plasma HE4 levels with 

he improvement of lung function (i.e., delta ppFEV1) in response 

o LUM/IVA (Orkambi®) treatment in pwCF. Recently, the benefi- 

ial effect of LUM/IVA was largely monitored using ppFEV1, BMI 

alues and sweat chloride in adults [ 8 , 11 ], in children/adolescents 

 10 , 24 , 25 ] or in both age groups combined [ 9 , 12 , 13 ]. Importantly,

hese functional and laboratory parameters have inherent limita- 

ions in terms of monitoring CFTRm. For instance, the discrimina- 

ory value of ppFEV1 can be limited within the moderate to nor- 

al lung function range [26] . In addition, significant variability was 

bserved in ppFEV1 as related to the age and population-specific 
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Fig. 5. Analysis of plasma HE4 concentrations (A), sweat chloride concentrations 

(B), and BMI values (C) when pwCF were sub-grouped as 1) “responders” with ≥
5% mean change of ppFEV1 at 6 months of treatment, or 2) “non-responders” if 

they showed an increase in ppFEV1 of less than 5%. In contrast to sweat chloride 

and BMI, plasma HE4 concentrations altered only in the case of responders. Values 

are expressed as median (IQR). The comparison of two groups of data was done 

with Wilcoxon matched pairs signed rank test. ∗∗P < 0.01, ∗∗∗P < 0.001 vs baseline. 

SC means sweat chloride; BMI means body mass index. 
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tandards, and there can also be practical difficulties in the reliable 

erformance of spirometric examinations, especially in younger CF 

atients [26] . Sweat chloride concentrations are used as a sec- 

ndary outcome parameter in clinical studies [27] . However, sweat 

onductivity measurements still lack standardization [28] . Signifi- 

ant reductions in sweat chloride were reported already by day 15 

fter LUM/IVA therapy that was sustained up to 24 weeks under- 
6 
coring the sensitivity of sequential examination of sweat chloride 

oncentrations in the monitoring of treatment efficacy of CFTRm 

 10 , 11 , 24 ]. On the other hand, the limited correlation between ab-

olute or relative changes in sweat chloride concentrations and 

pFEV1 was described despite the clear improvement in lung func- 

ion at 1–6 months after LUM/IVA therapy [ 13 , 29 ]. Therefore, there

emains a clear unmet need to find other routinely available pa- 

ameters, such as a suitable blood-based biomarkers, which can re- 

iably improve the monitoring of CFTRm in clinical practice [30] . 

Some biomarkers in peripheral blood have been investigated in 

his regard, such as C-reactive protein (CRP) in plasma which low- 

red by 2 months of IVA treatment and correlated with sweat chlo- 

ide concentrations [31] . Recently, interleukin-18 (IL-18) and tumor 

ecrosis factor- α (TNF- α) concentrations in serum demonstrated 

 significant gradual decrease by 1–3 months of LUM/IVA medi- 

ation, while IL-1 β concentrations were reduced only after teza- 

aftor/IVA treatment [32] . 

In the last several years, our group proved the utility of exam- 

ning serum HE4 concentrations for the assessment of the severity 

f CF lung disease in Czech and Hungarian pwCF before the admin- 

stration of CFTRm [15] . Importantly, a positive correlation of HE4 

oncentration with the severity of the CF lung disease was inde- 

endent of patients’ age [15] . However, HE4 concentrations could 

e affected by patient age, smoking and impaired renal function 

n non-CF populations [33] . Therefore, plasma HE4 levels were ef- 

ciently utilized to monitor the alterations of lung function due 

o the efficacy of IVA in three independent cohorts of pwCF, im- 

ortantly without impaired renal function [16] . CFTR dysfunction 

as been reported to contribute to abnormal HE4 expression via 

he activation of pro-inflammatory NF- κB pathway in CF [17] . The 

ffect of LUM/IVA treatment on HE4 expression has been eval- 

ated in CFBE 41o − cells expressing F508del-CFTR in vitro [17] , 

hereby attesting the downregulation of the aforementioned pro- 

nflammatory pathway. However, in vivo plasma HE4 concentra- 

ions have not been thoroughly studied in a large CF cohort treated 

ith LUM/IVA thus far. 

Here we analyzed well-selected plasma specimens for plasma 

E4 measurements in a sub-cohort of pwCF homozygous for 

he p.Phe508del-CFTR variant, who previously participated in the 

ROSPECT study [13] . In total, 68 pwCF were enrolled in this study, 

ho demonstrated a modest mean change (2.6%) observed from 

aseline to 6 months of LUM/IVA therapy in contrast to the re- 

ults of the whole study population for whom Sagel et al. reported 

on-significant changes in the mean ppFEV1 ( −0.2%) by 6 months 

13] . In response to LUM/IVA therapy, HE4 concentrations were 

ignificantly lower already at the first follow-up examination and 

emained that way through the end of respective study periods. 

he changes of plasma HE4 demonstrated the largest delta value 

 −10.7 mmol/L) with the lowest absolute HE4 levels (61.5 [47.0–

9.7] pmol/L) by 6 months (Suppl. Fig. 1 A), i.e., representing a level 

hich approached - but did not reach - the reference interval of 

E4 (36.3 [31.1–43.4] pmol/L) previously determined in another 

tudy [15] . This observation was corroborated by our recent in vitro 

xperiments in CFBE 41o − cells expressing p.Phe508del-CFTR [17] , 

here treatment of these cells with LUM/IVA showed significantly 

ecreased HE4 expression compared to untreated cells, but over- 

ll HE4 concentrations did not normalize. All these data underline 

hat HE4 do not reach normal (i.e., “wild-type levels”) in pwCF 

ven in the presence of improved CFTR function following admin- 

stration of CFTRm. 

Simultaneously, the mean change of HE4 from the baseline 

orrelated with delta ppFEV1 in all study participants. However, 

hen we separately analyzed this association among CF individ- 

als under 18 years of age, a stronger correlation was found at 

ounger ages. Furthermore, the mean change in plasma HE4 was 

lso evaluated based on the baseline ppFEV1 categories. The largest 
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ean difference of HE4 was determined in pwCF with severely im- 

aired lung function ( < 50%) before CFTRm treatment, while the 

east prominent changes were observed in subjects with baseline 

pFEV1 ≥ 90%. These two observations are not in contradiction due 

o the following reasoning: a) although there was no difference 

n baseline ppFEV1 among CF adults and children, a much higher 

ean delta ppFEV1 was achieved in children (3.7%) versus adults 

1.1%) by 6 months, with a higher ratio in responders (Suppl. Ta- 

le 1). Consequently, due to the strong correlation between plasma 

E4 and ppFEV1, the HE4 biomarker showed better discrimina- 

ory power in children; b) on the other hand, regardless of age, 

hose study participants who had worse pre-treatment lung func- 

ion parameters showed a more substantial pulmonary improve- 

ent by 6 months of CFTRm therapy leading to higher alterations 

f HE4 plasma concentration. In the PROSPECT study, stratification 

y age and baseline lung function reported the same, i.e., that sig- 

ificant improvements in ppFEV1 were only observed in adoles- 

ents and young adults at the 3-month post-LUM/IVA administra- 

ion time point and in those with a baseline ppFEV1 between 50 

nd 89% at the 3- and 6-month time points [13] . Previously, IVA 

lone could cause a larger alteration in plasma HE4 ( −14.4 pmol/L 

s −10.7 pmol/L) in a cohort with CF patients bearing at least 

ne p.Gly551Asp-CFTR mutation in trans (being the Class III CFTR 

ariant), since the mean delta ppFEV1 was also higher (7.0%) by 

 months of treatment in selected GOAL study participants [16] , 

ompared to the PROSPECT study participants (bearing the Class II 

FTR variant p.Phe508del) with a mean delta ppFEV1 of only 2.6%. 

evertheless, these data are in accordance with our original hy- 

othesis that plasma HE4 level sensitively follow even minor im- 

rovements in lung function in pwCF treated with various CFTRm. 

The discriminatory “power” of mean change of plasma HE4 was 

etermined by ROC-curve analysis at two different degrees of lung 

unction improvement (i.e., 2.6% and 5% by 6 months of treatment, 

etrospectively). A considerable AUC value of delta HE4 (0.9139) 

as found in the entire CF patient population. Furthermore, it was 

ore pronounced in children with a high sensitivity (80%) and 

pecificity (83%). When the 5% of delta ppFEV1 became the clas- 

ifier, the AUC value was 0.6786 in all pwCF, while again, it was 

igher in children (0.7913). Recently, a similar AUC value of delta 

E4 (0.806) was found especially after 1–2 months of medica- 

ion with 81% sensitivity and 89% specificity [16] . Responders ( ≥
%) and non-responders ( < 5%) were sub-grouped based on mean 

hange of ppFEV1 at 6 months following commencement of treat- 

ent. Significantly decreased plasma HE4 concentrations were ob- 

erved only in the case of responders. 

Finally, multiple logistic regression analysis was used to eval- 

ate the likelihood of being a responder against different covari- 

tes. Delta HE4 and baseline ppFEV1 were independently associ- 

ted with responders in terms of change in their ppFEV1 ( ≥ 5%) 

ompared with non-responders. Similarly, none of the baseline co- 

ariates (i.e., age, sex, sweat chloride concentrations, and BMI) was 

tatistically associated with the rate of response to treatment in 

he original clinical trial [13] . In our previous study, a significant 

ndependent relationship was shown between delta ppFEV1 and 

elta HE4 in pwCF with Class III variants who are treated with IVA 

16] . 

In conclusion, plasma HE4 negatively correlates with lung func- 

ion improvement in pwCF receiving LUM/IVA therapy. Based on 

his evidence, we propose that CF lung disease could be monitored 

n cases treated with LUM/IVA by the examination of both abso- 

ute and delta values of plasma HE4, which are inversely corre- 

ated with absolute and delta FEV1 values, especially in CF chil- 

ren and in adolescents. Overall, continuous examinations of HE4 

lasma concentration at pre-defined time intervals could facilitate 

onitoring of CFTRm treatment efficacy in routine clinical practice. 
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