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Abstract

Background: Neutrophil elastase (NE) rapidly degrades gel-forming airway mucins in cystic fibrosis (CF) sputum. We hypothesized that KRP-109,
a small molecule NE inhibitor, would inhibit CF mucin degradation in vitro.
Methods: Sputa were collected from CF patients (n = 5) chronically or intermittently infected with Pseudomonas aeruginosa (P.a.). Mucin
degradation was analyzed using western blot. Protease inhibitor studies were performed using alpha1-proteinase inhibitor (A1-PI Prolastin®) and
KRP-109. Elastase activity assays were performed using spectrophotometry.
Results: There were significant differences in the amount of active NE in different CF sputum samples. KRP-109 decreased the NE driven mucin
degradation in vitro. Pseudomonas elastases appeared to blunt elastase inhibition by A1-PI or KRP-109.
Conclusion: Inhibitors of neutrophil and Pseudomonas-derived elastases might rescue mucus clearance and reverse airway obstruction in CF.
© 2015 European Cystic Fibrosis Society. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Mutations in the CF transmembrane ion regulator (CFTR)
gene impair airway ion homeostasis [1,2] leading to accumulation
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of sticky secretions on the surface of airways and impairing mucus
clearance [3]. Chronic infections are a pathological consequence
in CF [4]. Repeated infections caused by bacteria such as
Pseudomonas aeruginosa (P.a.) lead to neutrophil infiltration in
the airways [5]. Neutrophils and mucus entrap pathogens via
neutrophil extracellular traps (NET) [6,7]. These inflammatory
cells and pathogens secrete proteases such as neutrophil elastase
(NE) [8], cathepsin G (CG), proteinase-3 (PR3) [9], matrix
metalloproteases [10], and elastolytic proteases expressed by
P.a. [11,12]. Increased recruitment and activation of neutro-
phils and NE production damages the airway architecture
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leading to progressive lung dysfunction [13]. In response to
protease secretion, anti-proteases such as alpha1-proteinase
inhibitor (A1-PI), secretory leukoprotease inhibitor (SLPI),
and elafin are produced in descending abundance in the lung
[14].

We have previously reported that these serine proteases
cause degradation of CF airway mucins in vitro [15]. As well,
an impaired anti-oxidative stress response in CF [16] may lead
to degradation, oxidation, or oligomerization of anti-proteases
decreasing their activity in the airways [17]. During chronic
infections in CF, P.a.-derived elastases can degrade or
neutralize the host anti-proteases in the airways [18]. The
restoration of anti-proteases or inhibition of host and pathogen
proteases in chronic inflammatory lung diseases like CF might
be a valuable therapeutic intervention [19,20]. A1-PI is a
potent inhibitor of NE; however, A1-PI is expensive and
subject to degradation [17,21]. The administration of novel
NE inhibitors may be more effective and efficient than A1-PI
[22,23]. KRP-109, a potent, selective neutrophil elastase
inhibitor, was shown to reduce lung inflammation in a murine
model of severe pneumococcal pneumonia [24]. This drug is
water-soluble competitive inhibitor of NE and can concentrate
in lung tissue. KRP-109 inhibited NE-induced lung hemor-
rhage and edema after the intratracheal administration of LPS
[25]. Therefore, KRP-109 could be a potent inhibitor of NE
for treating airway diseases such as CF.

In this study, we tested the efficacy of KRP-109 on
inhibiting CF mucin degradation in vitro and compared the
effect of KRP-109 to purified A1-PI. We then examined the
role of P.a.-derived elastases on mucin degradation and
tested the efficacy of A1-PI and KRP-109 in inhibiting P.a.
elastases.

2. Materials and methods

2.1. Subject selection

Sputa were collected from 5 subjects with CF by spontaneous
expectoration [15] and quickly frozen at −70 °C for preservation
(Supplement Table 1). We selected subjects with chronic or
intermittent P.a. infection; a patient is considered to be
chronically infected if P.a. was detected in 3 consecutively
collected sputa or in more than 5 out of 8 consecutively collected
sputa over a minimum of 2 years; a patient is considered to be
intermittently infected if P.a. was detected in at least 1 but no
more than 4 sputum samples. A “standard mucin”was used as an
internal control and as sample with the Pseudomonas superna-
tant. Standard mucin was collected from subjects who had no
lung disease and required non-thoracic surgery under general
anesthesia. After removing the endotracheal tube (ETT) from the
airways, the mucus that coated the ETT was collected by gently
scraping the ETT as previously described [15].

2.2. Analyzing functionally active HNE levels in CF sputa

To measure the amount of active HNE, we measured the
hydrolysis of the chromogenic substrate N-methoxysuccnyl-Ala-
Ala-Pro-Val p-nitroanilide (Sigma Aldrich), which is specif-
ically hydrolyzed by NE but not hydrolyzed by cathepsin G.
Unless otherwise stated, all measurements were done as
described in the elastin products company manufacturer's
protocols (Owensville, Missouri, USA). Spectrophotometric
measurements were performed using the Nicolet Evolution
100 UV-Vis Spectrophotometer. Results were analyzed using
VISIONlife™ software.
2.3. Determining an IC-50 concentration

The half-maximal inhibitory concentration (IC-50) of protease
inhibitors (A1-PI and KRP-109) was determined by calculating
the half-maximal concentration of the respective inhibitors
required to inhibit purified NE (Calbiochem®, product no.
324681) and decrease substrate degradation by 50%. Purified
NE was used as positive control. Three independent measure-
ments were considered for all experiments.We incubated purified
NE with chromogenic substrate and measured the rate of increase
in absorbance at 30-s intervals. The rate of increase was linear for
30 min confirming that the chemical reaction is in a steady state,
meaning that there is an excess of substrate and functionally
active enzymes. Using these data, we then calculated the IC-50
concentration for both inhibitors. Similarly, we calculated the
activity of NE in sputa using the same substrate and accordingly
calculated the amount of inhibitor required to achieve the IC-50
in each sputum sample. All samples were thoroughly mixed with
the inhibitor in IC-50 concentration and incubated for 2 and 4 h at
37 °C.
2.4. Pseudomonas strains

P.a. mutant strains, lasB (2 strains), lasA and protease IV,
and a PA14 wild-type (wt) strain as control were generous
gifts from Prof. Dr. Susanne Häußler. Details about the
construction of the mutants and their genetic background
can be obtained from the website http://ausubellab.mgh.
harvard.edu/cgi-bin/pa14/home.cgi last accessed on 05/2014.
The strains were revived on LB agar plates containing
antibiotics (described in the website) and incubated over-
night at 37 °C. Unless otherwise indicated, liquid medium
was inoculated from an overnight pre-cultured plate and
incubated at 37 °C with constant shaking at 225 rpm. All
glassware was washed with double distilled water and
thoroughly autoclaved before use. Cells were harvested by
centrifugation (Sorval RC 5B plus), and supernatant and
pellet fractions were separated. Resulting cell pellets were
suspended in cold 0.05 M NaoAc containing 0.1 M NaCl,
pH 5, and incubated with standard ETT mucin samples to
determine the exogenous protease activity. Alternatively, we
also tested the supernatant fractions for protease activity by
incubating with standard mucin extracted from ET tubes as
described above. Each mutant strain was incubated with and
without inhibitors at 37 °C for 4 h, and mucin degradation
was analyzed using wet westerns and compared them with
standard ETT mucus.
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2.5. Gel electrophoresis and blotting

Incubated samples were thoroughly denatured with laemmeli
buffer (250 mM Tris, pH 6.8, 4% SDS, 20% glycerol, 0.001%
bromophenol blue, 20 mM dithiothreitol [DTT]) and subse-
quently by denaturing the samples for 5 min at 95 °C. Proteins
were separated, blotted, and probed for MUC5AC and MUC5B,
NE, and A1-PI as described earlier [15].

2.6. Statistics

To analyze our data, we used Graph Pad Prism®. Significance
was obtained using Student's unpaired t-test. A p value b0.05
was considered as significant.

3. Results

3.1. Quantification of NE activity in CF sputum and measuring
the IC-50 for each anti-protease

Before analyzing the inhibition of mucin degradation in CF
sputa, we quantified the protease activity in sputum samples.
We first measured the elastase activity of pure NE using the
synthetic NE substrate, N-MeO-Suc-Ala-Ala-Pro-Val-pNA. To
define the half-maximal inhibitor concentration (IC-50), it was
necessary to saturate the NE protein. Thus, different dilutions
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Fig. 1. Quantification of HNE in CF mucin samples in vitro. (A) Spectrophotome
(IC-50) of KRP-109 and A1-PI using synthetic NE substrate and pure NE. (B) Ca
active NE within sample sputa based on NE substrate degradation and compared to a
in Fig. 1A. (C) Representative graphs of NE activity in CF mucin samples calcula
change in NE activity is represented as a percentage. Error bars were obtained from
from CF sputa represented as integrated density values. Error bars represent the m
immunoblots of A1-PI.
and concentrations of anti-protease were added to the assay
mixture, keeping the NE concentration constant (3 μL of a
0.1 mg/mL). The inhibition of NE by A1-PI and KRP-109
was monitored at 410 nm (Fig. 1A). The calculated values
of IC-50 were 1.45 μM and 7.57 μM for A1-PI and
KRP-109, respectively (Fig. 1B). We then quantified the
NE activity in CF mucin samples again by incubating them
with synthetic NE substrate and compared it with the pure
NE activity. We observed that the levels of functionally
active NE varied greatly among our samples. The range was
from 121% of our internal standard to 3800% of our internal
standard (Fig. 1C). We accordingly diluted the mucin
samples and adjusted the NE concentration close to pure
NE. To verify the adjustment, we again performed the
synthetic NE degradation assay with appropriate dilutions
(e.g., 1:100 dilution of sample 1). The activity of NE in diluted
sample 1 corresponded to the activity of pure NE (Fig. 1A).
Subsequently, we validated the IC-50 calculations of both the
inhibitors using CF sample 1. The calculated IC-50 values of
A1-PI and KRP-109 using pure NE also correlated with the
IC-50 value of the diluted sample 1 (Fig. 1A). Therefore,
we diluted the rest of the mucin samples according to the
Lambert–Beer law (Supplement 1 formula for calculating
in-sample enzyme activity) and calculated the IC-50 for A1-PI
and KRP-109 required for inhibiting NE in all the CF samples
(Fig. 1C).
51 kDa A1-PI

Sample
IC-50 Concentration 

of A1-PI [µM] % of standard
IC-50 concentration

of KRP-109 [µM]
andard 
re HNE) 1.457 100.000 7.575
ample 1 49.959 3428.906 259.740
ample 2 33.903 2326.923 176.264
ample 3 1.763 121.017 9.167
ample 4 18.846 1293.482 97.981
ample 5 55.931 3838.797 290.789

tric determination of NE activity and inhibitory concentration determination
lculation of inhibitory concentrations (IC-50) of A1-PI and KRP-109 against
defined amount of purified HNE (standard), which was also shown exemplary
ted in comparison to pure NE, where C represents pure NE activity. The fold
3 independent estimations. (D) Densitometry analysis of A1-PI immunoblots
ean from 3 different immunoblots. Representative image of one of the three
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3.2. Altered specificity to anti-proteases in different CF sputum
samples over time

CF sputum samples were incubated with the calculated
IC-50 concentrations of A1-PI and KRP-109, and we analyzed
the reduction in mucin degradation, compared with control
mucin samples without inhibitors. After 2 h of incubation,
MUC5AC in samples 2, 4, and 5 and MUC5B in all the
samples exhibited reduced mucin degradation in comparison to
mucin samples without the inhibitor. We observed less
MUC5AC degradation in sample 3, which further supports
our NE measurements (Fig. 1C) where we observed much less
active NE in sample 3 (Supplementary Fig. 1A). Interestingly,
sample 1 also did not show any significant degradation of
MUC5AC after 2 h with and without inhibitors despite the fact
that it has increased elastase activity (Supplementary Fig. 1B).
To evaluate this possible discrepancy, we analyzed the
anti-proteases in all the mucin samples. We found that sample
1 had significantly high levels of anti-protease when compared
to sample 3 (Fig. 1D). It was reported that there exists a positive
correlation between sputum levels of active elastase and
A1-PI, indicating a compensatory increase in A1-PI in
response to increase elastase load [26]. Thus, we reasoned
A

C

Fig. 2. MUC5AC and MUC5B degradation of all CF sputa in vitro after 2 and 4
analyzed: n = 5 for (A) MUC5AC degradation and (B) MUC5B degradation after 2
with and without protease inhibitors for 4 h. NS; not significant. *P b 0.05.
that increased levels of A1-PI in sample 1 might inhibit
MUC5AC degradation within 2 h. Surprisingly, the degrada-
tion of MUC5AC in samples 2 and 5 and MUC5B in sample 5
was inhibited more effectively with KRP-109 Supplementary
Fig. 1A and B).

After 4 h of incubation, the increased degradation of
MUC5AC was observed in samples 1, 2, and 4 (Supplementary
Fig. 1C), while MUC5B degradation was observed in all
samples (Supplementary Fig. 1D). We also observed that
KRP-109 decreased MUC5AC degradation in samples 1 and 4
after 4 h, while degradation of MUC5AC in samples 2 and 3
was greater with A1-PI (Supplementary Fig. 1C). We could not
quantify the results of sample 5 due to sample size limitation.
Consistent with our NE measurements, we did not see much
MUC5AC degradation in sample 3 even after 4 h of incubation
(Supplementary Fig. 1C). However, after 4 h, we found that
KRP-109 reduced MUC5B degradation in 3 out of 5 CF
samples (Supplementary Fig. 1D).

KRP-109 was also able to reduce mucin degradation at 2 and
4 h for (Fig. 2). These observations suggest KRP-109 might
reduce MUC5B degradation over time. Most importantly, the
amounts of active NE present in the sputum samples play an
important role in mucin degradation in vitro.
B

D

h. Mean densitometry quantification of mucin degradation from all CF sputa
h (C) MUC5AC degradation and (D) MUC5B degradation after 4 h incubated
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3.3. Pseudomonas aeruginosa-derived proteases degrade
mucus in vitro

To gain further insights into the role of P.a.-derived proteases
on in vitro mucin degradation, we performed immunoblots for
MUC5AC after incubating with different P.a. mutant strains
(LasA, LasB1, LasB2, and protease IV) and compared these with
wild-type PA14 strain. Different approaches were planned to
evaluate the effect of mucin degradation upon incubation with
protease deletion mutants. In the first approach, pellet and
supernatant fractions of P.a.mutants and control strains that were
grown to late log phase were separated and incubated with
control mucin. In the second approach, pellet and supernatant
fractions of cultures grown overnight were incubated with control
mucus at 37 °C for 3 h. In comparison to ETT control mucus
incubated without P.a. knockout strains, we found that LasA and
LasB secreting ΔprpL mutant degraded mucin efficiently when
compared with LasA and Protease IV secretions inΔlasBmutant.
Likewise, LasB together with Protease IV in ΔlasA mutant
degraded mucin much more efficiently when compared with the
Fig. 3. Pseudomonas-derived proteases degrade mucins from CF. Immunoblot ana
protease knockout strains from P.a. and grown to late log phase or overnight cultur
LasA and LasB in ΔprpL mutant. Further, we found that LasA,
LasB and Protease IV in wild-type P.a. had the maximum
degrading effect (Fig. 3). These results suggest that lasB
encoding protease is efficient in mucus degradation.

3.4. Protease inhibitors do not inhibit the PA proteases

To verify the effect of commercially available anti-proteases
A1-PI (Prolastin) and the experimental anti-protease KRP-109
in inhibiting P.a.-derived proteases, we co-treated control
mucus with anti-proteases and protease knockout P.a. mutant
strains. We observed that these anti-proteases did not inhibit
proteases derived from P.a. It is possible that pyocyanin,
released from P.a. strains, inhibited the NE and A1-PI complex
formation [27]. However, the P.a. elastases were shown to be
highly potent in inactivating human A1-PI with a molar ratio of
elastase/inhibitor = 1:100 [18]. Most of the results obtained
were similar to the incubation of P.a. strains as discussed in
Section 3.3 (Fig. 4A and B). Results obtained from Sections 3.3
and 3.4 show that LasB knockout P.a. strain dramatically
lysis of CF mucin degradation (MUC5AC) when incubated with the indicated
es for pellet and supernatant fractions as indicated.



Fig. 4. A1-PI and KRP-109 did not rescue mucin degradation. Immunoblot analysis to determine the ability of A1-PI and KRP-109 to inhibit mucin degradation (A)
MUC5AC and (B) MUC5B when incubated with different P.a. protease knockout strains for 4 h as indicated.
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decreased mucin degradation. In fact, the LasB gene encodes
an essential metalloproteinase thus making it an important
virulence factor for P.a.

4. Discussion

Human NE is an important pharmacological target for
CF therapy. The goal of this study was to analyze the
effectiveness of the NE inhibitor KRP-109, in reducing the
excessive protease activity in CF airway, and potentially
normalizing intact mucin concentration by inhibiting degra-
dation of gel-forming mucins. In CF patients, there is airway
plugging due to accumulation of mucus and DNA [28].
While defective CFTR-mediated altered chloride ion imbal-
ance leads to formation of sticky mucus in the CF airway,
increased secretion of NE by neutrophils decreases the
concentration of intact MUC5AC and MUC5B mucins [29].
Consistent with this, we reported that serine proteases in CF
sputum is a major cause of increased mucus degradation in
vitro [15]. Airway obstruction due to mucus plugging is
sometimes attributed to either mucin overproduction or
decreased mucus hydration in CF. MUC5B mucin is essential
for mucociliary clearance and innate immune defense in the
murine lung [14]. MUC5B-deficient mice died much faster
than wild-type mice when their lungs were inoculated with
Staphylococcus aureus, while MUC5B overexpressing mice
had faster mucociliary clearance and improved macrophage
function compared to wild-type mice [30]. In light of these
studies, we found that the KRP-109 blocked degradation of
MUC5B after 2 h (Supplementary Fig. 1B), an effect that
was further enhanced after 4 h (Supplementary Fig. 1D).

Earlier studies in CF subjects showed that inhalation
of 25 mg A1-PI as Prolastin® daily for four weeks did not
improve lung function but was able to decrease free
elastolytic activity, neutrophil count, colony forming units
of P.a., and proinflammatory cytokines in sputum [31,32].
Studies involving complete knockdown of NE in CF-like
murine model “scnn1-TG2” reduced airway neutrophils,
mucin expression, goblet cell metaplasia, and emphysema
but had no significant effect on airway mucus plugging,
bacterial infection, or pulmonary mortality [33]. These
studies confirm that changes in the pulmonary protease–
anti-protease balance can affect airway inflammation
[34,35]. Increased NE and decreased A1-Pl was shown to
increase the nonheme iron levels in the cells by degrading
ferritin [36,37]. Consistent with these studies, decreased
hemeoxygenase-1 and ferritin are reported to increase
inflammation in CF airways [16]. Anti-inflammatory drugs
like ibuprofen and glucocorticoids are unable to overcome
the protease burden in CF [38], while inhalation of anti-
proteases had some effect reducing proteases and inflamma-
tion [31,32], although only a limited effect of recombinant
A1-PI on protease inhibition and inflammation was reported
in clinical studies [39].

In this study, we analyzed mucus degradation in vitro as
another effect of proteases that is physiologically importance
[30,40]. P.a.-derived proteases were able to degrade mucins,
but these proteases were not inhibited by these inhibitors in
the concentrations used. The Pseudomonas-derived prote-
ases, especially the lasB gene encoding protease significantly
degraded mucin in vitro. This suggests that it might be
useful to include LasB inhibitors, such as N-mercaptoacetyl-
Phe-Tyr-amide, to further inhibit protease activity [33] and
mucin degradation in the lung.

Supplementary data to this article can be found online at
http://dx.doi.org/10.1016/j.jcf.2015.10.008.
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