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ABSTRACT Neutrophil elastase (NE) is a key risk factor for severity of cystic fibrosis (CF) lung disease.
Recent studies identified increased NE activity on the surface of airway neutrophils from CF-like mice and
patients with CF. However, the role of surface-bound NE in CF lung disease remains unknown. We
determined the relationship between surface-bound NE activity and severity of lung disease in CF.

Surface-bound NE activity was measured on sputum neutrophils from 35 CF patients and eight healthy
controls using novel lipidated Forster resonance energy transfer reporters and correlated with free NE
activity, neutrophil counts, interleukin-8, myeloperoxidase and antiproteases in sputum supernatant, and
with lung function parameters.

Surface-bound NE activity was increased in CF compared to healthy controls (p<0.01) and correlated
with free NE activity (p<0.05) and other inflammation markers (p<0.001). Surface-bound and free NE
activity correlated with forced expiratory volume in 1 s % predicted (p<0.01 and p<0.05), but only surface-
bound NE activity correlated with plethysmographic functional residual capacity % pred (p<0.01) in
patients with CF.

We demonstrate that surface-bound NE activity on airway neutrophils correlates with severity of lung
disease in patients with CF. Our results suggest that surface-bound NE activity may play an important role
in the pathogenesis and serve as novel biomarker in CF lung disease.
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Introduction

Increased activity of neutrophil elastase (NE), a major product of activated neutrophils, has been
identified as a key risk factor for the onset and progression of bronchiectasis and lung function
decline in patients with cystic fibrosis (CF) and non-CF bronchiectasis [1-5]. Beyond structural
damage of airway walls, NE has been implicated in the pathogenesis of mucus hypersecretion [6, 7],
airway inflammation [8-11] and impaired defences against Pseudomonas aeruginosa infection [11-14].
In addition, increased NE activity was shown to disable CF transmembrane conductance regulator
chloride channels and activate epithelial sodium channels (ENaC), thus aggravating basic defects in
anion secretion and sodium ion absorption in CF airways [15-17]. These findings suggest NE activity
in sputum or bronchoalveolar lavage (BAL) fluid as a promising biomarker of neutrophilic
inflammation in CF lung disease [2-4]. So far, measurements have focused on the detection of free
NE activity in BAL fluid and sputum supernatant [2-4, 18]. Since NE is a highly cationic molecule, a
significant proportion of secreted NE is bound to the neutrophil membrane via electrostatic
interactions [19, 20]. Using a novel Forster resonance energy transfer (FRET)-based NE reporter assay
[21], we demonstrated that NE activity is increased on the surface of airway neutrophils in patients
with CF [22]. In addition, we showed that elevated surface-bound NE activity is implicated in airway
inflammation, mucus hypersecretion and structural lung damage in mice with CF-like lung disease,
even in the context of moderate airway neutrophilia, where released NE is effectively inhibited by an
intact antiprotease shield and no free NE activity is detectable in BAL fluid [22]. However, the role of
NE activity on the neutrophil surface in CF lung disease remains unknown. Based on these previous
findings in mice with CF-like lung disease [22], we hypothesised that surface-bound NE activity is
associated with severity of lung disease in patients with CF. To test this hypothesis, we collected
sputum from a cohort of 35 patients with CF and eight healthy nonsmokers and used FRET reporters
to quantify surface-bound NE activity on sputum neutrophils and free NE activity in sputum
supernatants. To determine the relationship of these different pools of NE activity with airway
inflammation and proteolytic burden, we correlated surface-bound and free NE activity with sputum
neutrophil counts, levels of interleukin (IL)-8, myeloperoxidase (MPO) and antiproteases such as
o4-antitrypsin-NE complexes (AAT-NE) and secretory leukocyte protease inhibitor (SLPI) in sputum
supernatant. Furthermore, we performed paired spirometry and body plethysmography and correlated
surface-bound and free NE activity with forced expiratory volume in 1s (FEV1) as a global parameter
of lung disease severity and plethysmographic functional residual capacity (FRCpleth) as a parameter of
air trapping in patients with CF.

Methods

Study population

This observational study was approved by the ethics committee of the University of Heidelberg
(Heidelberg, Germany) and informed written consent was obtained from all subjects. The diagnosis of CF
was verified by established diagnostic criteria [23]. Spontaneously expectorated (n=36) or induced (n=3)
sputum of sufficient quantity (>60000 total inflammatory cells) was collected from 35 clinically stable
patients with CF during routine visits to the CF centre at the University Hospital Heidelberg (table 1 and
online supplementary table S1). Colonisation with P. aeruginosa was defined as negative, intermittent and
chronic when 0%, <50% and >50% of airway cultures, respectively, were positive in the previous
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TABLE 1 Clinical characteristics of patients with cystic fibrosis

Subjects 35
Visits 39
Age years
Median (IQR) 27.7 (23.8-30.8)
Range 19.1-59.0
Male/female 23/12
BMI kg-m~2
Median (IQR) 19.8 (18.9-21.4)
Range 16.3-27.7
FEV1 % pred
Median (IQR) 53.3 (38.7-68.1)
Range 18.0-114.8
FRCpleth % pred®
Median (IQR) 140.4 (113.8-169.4)
Range 89.6-212.4
CFTR genotype
F508del/F508del 13/35 (37.1)
F508del/other 19/35 (54.3)
Other/other 3/35 (8.6)
Pseudomonas infection
Negative 13/39 (33.3)
Intermittent 3/39 (7.7)
Chronic 23/39 (59.0)
Pancreatic insufficiency 30/35 (83.3)

Data are presented as n or n (%), unless otherwise stated. IQR: interquartile range; BMI: body mass index;
FEV1: forced expiratory volume in 1 s; FRCpleth: plethysmographic functional residual capacity; CFTR: cystic
fibrosis transmembrane conductance regulator. #: available in 28 of 39 visits.

12 months. As a control group, we collected induced sputum from eight age-matched, healthy,
nonsmoking volunteers (five females and three males; median (range) age 31.1 (22.0-45.0) years) by
hypertonic saline inhalation as previously described [22, 24]. In patients with CF, we performed
spirometry to determine FEV1 as a global parameter of lung function and body plethysmography to
determine FRCpleth as a parameter of air trapping on the same day of sputum collection, according to
American Thoracic Society/European Respiratory Society guidelines [25, 26].

Sputum processing and measurements of free and surface-bound NE activity, cytokines and
antiproteases

Sputum was separated from saliva and homogenised using 10% sputolysin (Calbiochem, Darmstadt,
Germany). Sputum inflammatory cells were isolated and total immune cell counts were performed.
Free NE activity was quantified in sputum supernatants using the FRET probe NEmo-1 and
compared with activity levels determined by the chromogenic substrate MeO-Suc-AAPV-pNA (Sigma,
St Louis, MO, USA) [1-3]. Surface-bound NE activity on sputum neutrophils was measured using the
lipidated FRET reporter NEmo-2 [21, 22] and determined from the ratio of donor to acceptor
fluorescence as previously described and detailed in the online supplementary material[22]. Levels of
IL-8, MPO, SLPI and AAT-NE were measured using ELISA. Differential cell counts were performed
on May-Griinwald-Giemsa-stained cytospin preparations. For three CF and one control subject,
differential cell count could not be determined because the cytospins were of poor quality. Values
below the detection limit are reported as 0. Additional information is provided in the online
supplementary material.

Statistical analysis

Data were analysed using R (R Foundation for Statistical Computing, Vienna, Austria) or SigmaPlot
(Systat Software, Erkrath, Germany) and are reported as median (25-75th percentile). Statistical analysis
was performed using Shapiro-Wilk tests, Wilcoxon rank sum tests, one-way ANOVA and Kruskal-Wallis
tests. Correlation analyses were performed using the Spearman rank order method. A p-value <0.05 was
considered statistically significant. In the case of multiple comparisons, individual p-levels are indicated
only if not rejected by the Bonferroni-Holm method.
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Results

NE activity is increased on the surface of sputum neutrophils in CF, even in patients with low
levels of free NE activity in sputum supernatant

To determine surface-bound NE activity on airway neutrophils and its relationship with free NE activity in
CF airway inflammation, we assessed sputum samples from 35 clinically stable adult patients with CF
(table 1) and eight healthy nonsmokers using highly sensitive NE-specific FRET reporters developed to
quantify free (NEmo-1) and surface-bound (NEmo-2) NE activity [21, 22]. As expected, absolute
neutrophil counts (p<0.001) and percentage of neutrophils (p<0.001) in sputum were significantly
increased in our cohort of adult patients with CF compared to controls (figure 1a and b). Free NE activity
detected by NEmo-1 was significantly increased in CF compared to control sputum (p<0.01), completely
inhibited by the NE inhibitor sivelestat (figure 1d) and showed a strong correlation with free NE activity
detected by the established chromogenic substrate MeO-Suc-AAPV-pNA (r=0.91, p<0.001; online
supplementary figure S1). Similar to free NE activity, surface-bound NE activity was significantly increased
on CF compared to control neutrophils (p<0.01) and completely inhibited by sivelestat (figures 1c and
le). Surface-bound and free NE activity showed a moderate correlation in CF samples (p<0.05; figure 1f).
Of note, grouping of CF samples according to the levels (quartiles) of free NE activity in sputum
supernatant demonstrated that surface-bound NE activity was significantly increased on CF compared to
control neutrophils, even in patients with low levels (<25th percentile) of free NE activity (p<0.01; figure
1g). Taken together, these results demonstrate that, in addition to free NE activity in airway secretions,
surface-bound NE activity on airway neutrophils is increased and contributes to the protease burden in the
lungs of patients with CF.

Relationship of surface-bound and free NE activity with markers of neutrophilic inflammation and
antiproteases

Next, we determined the relationship of free and surface-bound NE activity in sputum with markers of
neutrophilic inflammation including neutrophil counts, IL-8 and MPO, and antiproteases that inhibit NE
activity in the airway lumen. Free NE activity in sputum supernatants correlated with absolute neutrophil
counts, IL-8 and MPO across the entire study population, as well as in the CF group only (figure 2a, c and
e). Surface-bound NE activity correlated with these markers of neutrophilic inflammation across the entire
study population (figure 2b, d and f). In the CF group, higher levels of surface-bound NE activity tended
to correlate with higher levels of neutrophils, IL-8 and MPO; however, these weaker associations did not
reach statistical significance for the number of patients included in this study (figure 2 b, d and f). Neither
free nor surface-bound NE activity correlated with percentage of sputum neutrophils in patients with CF
(online supplementary figure S2). To investigate the relationship of free and surface-bound NE activity
with antiproteases, we measured levels of SLPI and AAT-NE, two major endogenous inhibitors of NE in
the airways [27], in sputum supernatants. As expected [12, 28], AAT-NE was significantly increased
(p<0.001), whereas SLPI was decreased (p<0.001) in CF compared to control sputum (table 2). Free
NE activity correlated with AAT-NE across the entire study population, as well as the CF group only
(figure 3a). In addition, surface-bound NE activity correlated with AAT-NE across the entire study
population and showed a weak association in the CF group (figure 3b). Both free and surface-bound NE
activity correlated inversely with SLPI across the entire study population and showed a similar trend that
did not reach statistical significance in the CF group (figure 3c and d).

Surface-bound NE activity on sputum neutrophils correlates with lung function and air trapping

To determine the clinical relevance of increased NE activity on the surface of CF neutrophils, we
correlated free and surface-bound NE activity with FEV1 as a global parameter of lung function and
FRCpleth as a parameter of air trapping in patients with CF. As expected [3, 4], free NE activity in CF
sputum showed a negative correlation with FEV1 % pred (p<0.05) in our cohort of patients with CF
(figure 4a), whereas no relationship was found between free NE and FRCpleth % pred (figure 4c).
Surface-bound NE activity on CF sputum neutrophils was inversely correlated with FEV1 % pred (p<0.01;
figure 4b). In addition, surface-bound NE activity was directly correlated with FRCpleth % pred in patients
with CF (p<0.01; figure 4d).

Discussion

This is the first study to examine the role of membrane-bound NE activity on the surface of airway
neutrophils in CF lung disease. Chronic neutrophilic airway inflammation in CF is associated with
increased levels of free NE activity in the extracellular compartment of the airway lumen, as well as
increased expression of membrane-bound NE on the surface of activated airway neutrophils [2, 3, 22, 29,
30]. Despite detection of NE activity in these two distinct compartments, previous studies examining the
role of NE in CF lung disease were limited to measurements of free NE activity in airway secretions and
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FIGURE 1 Neutrophil elastase (NE) activity is increased on the surface of cystic fibrosis (CF) sputum
neutrophils. a) Absolute and b) relative numbers of neutrophils in control and CF sputum. c] Representative
ratio images calculated from donor and acceptor fluorescence of sputum neutrophils from a healthy
nonsmoker (control] and a patient with CF. Scale bar=15um. d] Free NE activity in sputum supernatants and
e) cell surface-bound NE activity on sputum neutrophils from controls and patients with CF in the absence
and presence of the NE inhibitor sivelestat. f] Correlation between surface-bound and free NE activity in CF
sputum. g) Surface-bound NE activity on sputum neutrophils from controls (Con) and from patients with
CF stratified according to quartile groups of free NE activity in sputum supernatant (25: <25th percentile; 50:
>25-50th percentile; 75: >50-75th percentile; 100: >75-100th percentile). D/A: donor/acceptor fluorescence.
Data are presented as individual samples and group medians. *: p<0.05; **: p<0.01; ***: p<0.001 compared with
control; #: p<0.001 compared with CF without sivelestat.
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FIGURE 2 Relationship of free and surface-bound neutrophil elastase (NE] activity with parameters of
neutrophilic inflammation in sputum from the entire study population (all: control and cystic fibrosis (CF)) and
patients with CF. Correlations of free NE activity in sputum supernatant (a,c,e] and surface-bound NE activity
on sputum neutrophils (b,d,f] with a, b] neutrophil counts, c, d] levels of interleukin (IL])-8 and e, f)
myeloperoxidase (MPO). D/A: donor/acceptor fluorescence. Spearman correlation coefficients r and p-values
are provided for each correlation.

the pathogenetic relevance of surface-bound NE activity remains unknown [2-4]. In this study, we
employed NE-specific FRET reporters designed to localise and quantify NE activity on cell membranes
[21, 31] and measured surface-bound NE activity on sputum neutrophils from clinically stable adult CF
patients with a broad spectrum of severity of lung disease (table 1). We found that surface-bound NE
activity was consistently increased on sputum neutrophils from patients with CF compared to healthy
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TABLE 2 Myeloperoxidase (MPQ], antiproteases and interleukin (IL)-8 in sputum from controls
and cystic fibrosis (CF) patients

Control CF p-value
Free NE activity pg-mL™" 0.01 (0.01-0.02) 23.4 (15.2-50.1) <0.001
Surface-bound NE activity D/A ratio 0.09 (0.04-0.12) 0.80 (0.56-1.07) <0.001
MPO pg-mL™" 0.4 (0.3-0.4) 29.7 (18.4-51.8) <0.007
SLPI ng-mL_1 1211.5 (923.3-1811.7) 180.8 (87.3-474.1) <0.001
AAT-NE ng-mL~" 24.8 (15.6-33.2) 82.6 (40.4-183.1) <0.001
IL-8 ng-mL~" 0.6 (0.3-0.8) 11.2 (8.2-16.6) <0.001

Data are presented as median [(interquartile range), unless otherwise stated. NE: neutrophil elastase; D/A:
donor/acceptor fluorescence; MPO: myeloperoxidase; SLPI: secretory leukocyte protease inhibitor; AAT-
NE: o4-antitrypsin-NE complexes.

controls, even in patients with low levels of free NE activity in sputum supernatant (figure 1). Both free
and surface-bound NE activity was associated with other markers of airway inflammation, such as sputum
neutrophil counts, IL-8, MPO or AAT-NE in our study population (figures 2 and 3) and correlated
inversely with FEV1 % pred in patients with CF (figure 4). In addition, surface-bound NE, but not free NE
activity, correlated with FRCpleth % pred (figure 4). These results suggest that increased membrane-bound
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FIGURE 3 Relationship of free and surface-bound neutrophil elastase (NE) activity with antiproteases in
sputum from the entire study population (all: control and cystic fibrosis (CF)) and patients with CF.
Correlations of a, c] free NE activity in sputum supernatant and b, d} surface-bound NE activity on sputum
neutrophils with a, b) aq-antitypsin-NE complexes (AAT-NE] and c, d) secretory leukocyte protease inhibitor
(SLPI) in CF sputum. D/A: donor/acceptor fluorescence. Spearman correlation coefficient r and p-values are
provided for each correlation.
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FIGURE 4 Relationship of free and surface-bound neutrophil elastase (NE] activity with lung function
parameters of airflow obstruction and air trapping in patients with cystic fibrosis (CF). Correlations of free NE
activity in sputum supernatant and surface-bound NE activity on sputum neutrophils with a, b) forced
expiratory volume in 1's (FEV1) % predicted and c, d] plethysmographic functional residual capacity (FRCpleth)
% pred. Spearman correlation coefficient r and p-values are provided for each correlation.

NE activity on the surface of viable and activated airway neutrophils is associated with airway
inflammation, lung function decline and air trapping, and may thus play an important and previously
unrecognised role in CF lung disease.

Our study provides novel information on the source of elevated NE activity in CF lung disease. So far,
rapid cell death and lysis of neutrophils upon recruitment into CF airways, leading to uncontrolled passive
release of NE into the extracellular compartment, has been considered the main mechanism underlying
the increased NE burden in CF lung disease [32]. However, a previous study identified a subset of viable
neutrophils in CF airways [29, 32]. During homing to the airways, these neutrophils acquired a phenotype
of conventional activation and, unexpectedly, showed evidence of mobilisation of NE-rich granula to the
cell surface [29, 32]. Our results obtained with FRET sensors designed to detect membrane-bound NE
activity confirm increased expression of NE on the surface of CF sputum neutrophils and demonstrate that
this pool of NE has proteolytic activity in CF airways (figure 1). Of note, surface-bound NE activity was
consistently increased on CF neutrophils, even when free NE activity in sputum supernatant was low
(figure 1). These results suggest that in the microenvironment of CF airways, neutrophils acquire this
activated configuration with increased surface-bound NE activity even at low levels of airway
inflammation, when free NE activity is still contained by endogenous antiproteases such as o,;-antitrypsin
and SLPI in the extracellular compartment [12, 27].

Of note, surface-bound NE was shown to be largely resistant to inhibition by endogenous inhibitors
including o4 -antitrypsin and SLPI [33]. This suggests that this pool of surface-bound NE activity may be
of particular relevance in early lung disease in young children with CF who, probably due to a still-intact
antiprotease shield, often show no detectable free NE activity in BAL fluid despite evidence of structural
lung disease upon chest CT [1, 2]. The pathophysiological relevance of increased surface-bound NE
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activity in the context of early CF lung disease is supported by previous studies in BENaC-overexpressing
mice featuring CF-like lung disease with early-onset mucus plugging, airway inflammation and structural
lung damage [22, 34, 35]. In this murine model, the level of airway neutrophilia is in the range of ~5-30%
of total cells, thus resembling that of infants and young children with CF and much lower than in adult
CF patients, who typically exhibit >90% neutrophils [1, 2, 22, 24]. We showed that the antiprotease shield
remains intact and no free NE activity is detectable in BAL fluid from BENaC-overexpressing mice,
whereas surface-bound NE activity is consistently increased on airway neutrophils, similar to our findings
in CF patients [22]. Furthermore, we demonstrated that genetic deletion of NE reduced airway
inflammation, mucus hypersecretion and structural lung damage in BENaC-overexpressing mice [22, 30].
Collectively, these studies suggest that surface-bound NE activity may be an important player in the
pathogenesis of early CF lung disease, and may explain why a subgroup of infants and young children
with CF show lung abnormalities by chest CT, even in the absence of free NE activity in BAL fluid [1, 2].

Importantly, our data demonstrate that elevated surface-bound NE activity is associated with lung disease
severity in adult CF patients who exhibit high levels of neutrophilic airway inflammation and free NE
activity. As expected [4, 24, 36], neutrophil counts, IL-8 and MPO as markers of neutrophilic airway
inflammation were markedly elevated and free NE activity was readily detectable in sputum samples of our
adult patient cohort (figure 2 and table 2). Increased free NE activity was associated with increased levels
of NE bound to o,-antitrypsin and with reduced levels of SLPI (table 2). Because SLPI is cleaved and
inactivated by free NE [12], this pattern is indicative of breakage of the antiprotease shield. In this context
of chronic CF airway inflammation, we found that both free and surface-bound NE activity correlated
inversely with FEV1 % pred, the most widely used pulmonary function test to assess airflow limitation and
disease progression in CF [2-4] (figure 4). In addition, our data demonstrate that surface-bound NE
activity, but not free NE activity, showed a direct correlation with FRCpleth % pred as a surrogate measure
of pulmonary hyperinflation (figure 4). This indicates that surface-bound NE activity may contribute to
the severity of CF lung disease independent of free NE in the extracellular compartment. We speculate that
this difference may be related to direct effects of surface-bound NE activity that are probably mediated in a
focused fashion via direct contact of activated neutrophils with airway epithelial cells, other structural or
immune cells, or the extracellular matrix. Pulmonary hyperinflation, as determined from elevated FRCpleth
% pred, may reflect air trapping due to airflow obstruction in the small conducting airways, or
hyperinflation due to emphysema related to structural lung damage of distal airspaces. Previous studies in
BENaC-overexpressing mice demonstrated a role of surface-bound NE activity in the in vivo pathogenesis
of mucus hypersecretion, airway inflammation and emphysema-like structural lung damage [22], and
recent chest CT studies detected emphysema formation in adult CF patients [37, 38]. Based on these
studies, we speculate that increased surface-bound NE activity on CF airway neutrophils may have
disease-promoting effects in small airways and lung parenchyma. Furthermore, our present data suggest
that this cell-bound pool of NE activity may be a promising biomarker of disease severity and an
important target for therapeutic strategies designed to inhibit NE activity in the lungs of patients with CF.

Our study has several limitations. First, this cross-sectional study does not provide information on the
long-term relationship between surface-bound NE activity and lung function decline in patients with CF.
Therefore, future longitudinal studies in larger patient cohorts will be required to determine the predictive
value of surface-bound NE activity as a biomarker of disease severity and progression. To determine whether
surface-bound NE activity predicts pulmonary exacerbations and response to therapy, such studies should
include measurements before, at onset and after treatment for pulmonary exacerbation. Second, this study is
limited by the lack of chest imaging studies. Future studies including chest CT or magnetic resonance
imaging outcome measures [39, 40] will be critical to specify and localise the structural abnormalities
associated with surface-bound NE that determine lung function decline and pulmonary hyperinflation.
Third, established surveillance programmes in infants and young children with CF that include annual BAL
will provide opportunities to determine the role of this cell-bound pool of NE in early CF lung disease,
where structural lung disease can occur even in the absence of free NE activity in BAL fluid [1, 2]. We expect
that the protocols to capture surface-bound NE activity on airway neutrophils established and employed in
the present study will be instrumental for the implementation of these future studies.

In summary, this study demonstrates for the first time that NE activity on sputum neutrophils is
associated with severity of lung disease in patients with CF. We found that NE activity is consistently
increased on the surface of CF sputum neutrophils, even at low levels of free NE activity in sputum
supernatant. Furthermore, we demonstrate that surface-bound NE activity correlates with pulmonary
function indices of airflow limitation and pulmonary hyperinflation. These results suggest that
surface-bound NE activity, probably reflecting a freshly secreted pool of NE that is not inhibited by
endogenous antiproteases, may play an important role in the pathogenesis and serve as a novel biomarker
of disease severity in patients with CF and potentially other chronic neutrophilic lung diseases.
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