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Abstract  

Background: In cystic fibrosis (CF) airways excessive levels of serine trypsin-like proteases 

(TLP) activate the epithelial sodium channel (ENaC) resulting in airways dehydration and 

promotion of mucus secretion. Despite this the relationship of TL proteolytic activity and 

clinical outcome has not been studied.  

Methods: We analysed supernatant (sol) prepared from CF sputum from 29 and 33 adult CF 

patients in two study cohorts, respectively. Protease activities were determined by measuring 

the hydrolysis of peptide-based substrates or by ELISA. Lung function was assessed by 

spirometry (FEV1). Mortality data was retrospectively obtained and time in months until death 

or transplantation used for subsequent survival analysis. 

Results: TLP activity inversely correlated with percent predicted FEV1 (r=-0.4, p=0.03) and 

was greater in individuals who did not survive beyond 5-years from the time of sample 

collection. A Kaplan-Meier analysis demonstrated significantly reduced survival (p=0.04) for 

individuals with high TLP activity [hazard ratio (HR) of 7.21 (per log unit TLP activity 

(p=0.03)]. In contrast, neutrophil elastase displayed no significant associations with lung 

function or patient survival. Similar findings were evident in a second study cohort.  

Conclusions: Sputum TLP activity may represent a novel non-invasive biomarker and/or 

therapeutic target for CF lung disease.  
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1. Introduction 

Sputum biomarkers hold promise as a non-invasive means to monitor cystic fibrosis (CF) lung 

disease. In particular, levels of sputum IL-8 and neutrophil elastase (NE) have been found to 

have a significant inverse association with lung function decline (1, 2), with NE the only 

biomarker analysed to date, to show a longitudinal association with FEV1 (1). NE however, 

has not been shown to predict patient survival (3). Rather, the inflammatory cytokine HMGB1 

(high-mobility group box-1 protein) is the only biomarker reported to have this association (4). 

The identification of other candidate markers of potential prognostic value is therefore 

important as a variance in pulmonary phenotype and survival is evident in patients with 

identical CFTR mutations (5). 

 

A protease-antiprotease imbalance in CF airways is well reported with NE the dominant 

activity routinely measured (6). In addition, matrix metalloproteases such as MMP-2, -9 and -

12 and the cysteine proteases, cathepsin B and S have received significant study which has 

contributed to a dissection of their possible roles in the pathogenesis of CF lung disease (7, 

8). In contrast, there is a dearth of reports investigating trypsin-like protease (TLP) activity in 

clinical samples even through this sub-group of serine proteases (both membrane-bound and 

soluble) have the potential to contribute to a number of disease-relevant processes such as 

activation of the epithelial sodium channel (ENaC) and the stimulation of a mucus secretory 

phenotype and inflammatory signalling pathways, potentially through the activation of 

protease-activated receptor-2 (PAR-2) (9, 10). 

 

Dysregulated ion transport is a key feature of CF airway epithelium, where in addition to the 

loss of CF transmembrane conductance regulator (CFTR) function, concomitant hyperactivity 

of ENaC underlies rapid Na+ and water absorption from the luminal surface of the conducting 

airways (11, 12). ENaC is composed of three structurally related subunits (a, b and g), which 

include two membrane-spanning domains connected by a large extracellular loop. Although 

ENaC can be regulated by multiple pathways e.g. cAMP and SPLUNC-1, it is activated by the 

proteolytic processing of its subunits (11). Extracellular trypsin is known to increase channel 

activity and inhibition of TL serine proteases by broad-spectrum, macromolecular protease 

inhibitors such as aprotinin and camostat and QUB-TL1, both low molecular weight inhibitors, 

have been shown to attenuate ENaC and improve mucociliary clearance (13). Prostasin (a type-

II transmembrane serine protease) has been identified as a candidate Channel Activating 



Protease (CAP-1). Further efforts have been made to identify other potential CAPs and have 

determined multiple Arg and Lys cleavage sites e.g. gLys194 (plasmin); aArg205, aArg231 and 

gArg143 (furin); gLys186 (prostasin) and gArg138 (CAP-2; TMPRSS4) (14). In CF airways 

excessive TLP activity to include putative prostasin and matriptase activities, promotes ENaC-

mediated fluid absorption (9, 15, 16), with the resultant dehydration of the airway surface liquid 

(ASL) layer regarded as a key initiating event for disease pathogenesis (17). 

 

PARs are G protein-coupled receptors which are activated by the proteolytic cleavage of a 

ligand on the extracellular N-terminus. There are four PARs; thrombin activates PAR-1, -3, 

and -4 whereas TL proteases activate PAR-2 and -4. PAR-2 is expressed basolaterally in human 

bronchial epithelial cells at air-liquid interface where it stimulates intracellular Ca2+ release and 

Ca2+ influx, resulting in a concomitant activation of low-level nitric oxide production and an 

increase in apical membrane Cl- permeability (~3.5 fold) with increases in ciliary beating 

observed by up to 50% (10). Other studies have shown PAR-2 regulation of airway cell 

cytokine and mucus secretion. Pathogens (bacterial and fungal) also secrete proteases that 

activate PARs as can a number of allergen-associated proteases (18). PAR-2 may however, be 

disarmed by some elastases and cathepsin G (19) via extracellular domain cleavage 

downstream of the activating site, preventing trypsin activation but not activation by peptide 

agonists (20). In addition to the impact on ENaC and PAR-2 pathways, TLP activity, such as 

human airways trypsin-like protease (HAT) enhance mucin  (MUC2 and MUC5A) gene 

expression and stimulate mucus hypersecretion through a amphiregulin (AR)-EGFR pathway 

(21, 22). Host TLPs such as TMPRSS2, TMPRSS4, HAT, matriptase, kallikreins and tryptase 

are also implicated in the activation of a large number of viruses such as influenza (23). 

 

Together these in vitro studies suggest TLPs, a previously overlooked subset of the serine 

protease superfamily, may play an important pathophysiological role in the CF lung. Although 

we and others have highlighted previously strategies to regulate ENaC through the targeting of 

associated TL channel activating proteases, previous protease biomarker studies have focused 

on neutrophil-derived enzymes such as NE with no reports to date investigating epithelial 

derived TLPs as putative markers of disease severity or progression. As such the aim of this 

study was to determine whether there is any association between TLP activity measured in CF 

sputum sol and lung function and patient outcome.  

  



2. Materials and methods  

2.1 Study cohorts 

Study cohort 1 was previously reported in an examination of inflammatory markers in stable 

CF patients with transmissible and sporadic strains of Pseudomonas aeruginosa with 

recruitment of patients and study design reported in detail (24).  A second cohort (study cohort 

2) consists of 33 adult CF patients recruited at the Belfast City Hospital (during exacerbation) 

between March-September 2009. All adult inpatients with the ability to provide a sputum 

sample were included in the study except those with active mycobacterium infection or 

haemoptysis. The following baseline variables were recorded at inclusion: age, gender, BMI 

and lung function (FEV1; % predicted). Pseudomonas aeruginosa was identified in 70% of the 

cohort (23 out of 33 patients). For both study cohorts mortality data was retrospectively 

obtained and the time in months until death or transplantation used for survival analysis.  

 

2.2 Sputum induction  

Expectorated sputum samples were obtained from patients, and diluted with 0.9% (w/v) saline 

in a ratio of 1:5 and the sample vortexed for 30 seconds. A centrifugation step (3,000 g for 30 

minutes at 4°C) facilitated the collection of an aqueous supernatant (sol), which was aliquoted 

and frozen at -80°C for subsequent analysis. Dithiothreitol (DTT) was not included at any time 

during processing.  

 

2.3 Biochemical measurements 

TLP activity was assayed in sputum sol (25 µl in assay buffer (PBS); final volume 100 µl) by 

monitoring the hydrolysis of 50 µM Boc-QAR-NH2Mec (R&D systems) with assay buffer used 

as a vehicle control. The rate of substrate hydrolysis was continuously recorded using lex 360 

nm and lem 480 nm, over a period of 60 minutes (FLUOSTAR Optima microplate reader; BMG 

Labtech). In a complex biological material such as sputum sol it is important to mitigate against 

non-specific hydrolysis of a peptide-based substrate by host- and pathogen-derived enzymes 

from alternate protease classes (e.g. metalloproteinase or cysteine). As such, sputum samples 

were treated in the presence or absence of 10 µM QUB-TL1 which enabled determination of 

the QUB-TL1 sensitive portion (where the inhibited result was subtracted from the uninhibited 

activity data). QUB-TL1 was utilised for this purpose as it is a broad spectrum, irreversible 

inhibitor of serine trypsin-like proteases (9). Importantly, this compound does not inhibit 

activities from non-trypsin-like serine proteases such as neutrophil elastase and chymotrypsin 



nor does it inhibit alternate proteases species relevant to the CF lung environment  

(Supplemental Figure S1). Active NE was measured using the ProteaseTag® Active NE 

Immunoassay kit (ProAxsis Ltd.) (25). Protease activity measurements were performed in 

duplicate with CV values <10% deemed acceptable.  

 

2.4 Statistical analysis 

Descriptive statistics were used to describe the study cohorts at baseline. Throughout the study 

normality was determined using the Shapiro-Wilk test. For the comparison of study cohort 1 

with study cohort 2 categoric variables were summarised as frequencies and comparisons 

performed by Fishers exact test. Comparisons between continuous variables were by two-tailed 

Mann-Whitney analysis. Data are expressed as mean (SD) for normally distributed values or 

median (IQR) for non-Gaussian distributed data.  Spearman’s rank correlation coefficient was 

used to measure the strength of the linear association between protease activities and 

inflammatory biomarkers/clinical parameters. Patient survival was first estimated using 

Kaplan-Meier survival analysis with the patient cohort separated into two groups based on the 

median protease activity value. The Gehan-Breslow-Wilcoxon test was used for statistical 

analysis. The relationship between protease activities and patient survival was determined 

using Cox proportional hazard modelling which calculated hazard ratios (expressed per log 

unit protease activity) and 95% confidence intervals. Adjustments for individual level 

confounders (such as age, gender, BMI) were on the basis on associations (p<0.10) on 

univariate analysis. Statistical analysis was performed using the SPSS (SPSS version 22, 

Chicago, Illinois, USA) software package.  

 

2.5 Study approval 

Approval for the study was obtained from the South Manchester Research Ethics Committee 

or the Health and Social Care Research Ethics Committee Northern Ireland as appropriate. 

Written informed consent was obtained from all patients at the time of recruitment. 

Experiments were performed in accordance with relevant approved guidelines and regulations.  

  



3. Results 

3.1 Description of the study cohorts 

The baseline characteristics of the study cohorts are outlined in Table 1. Study cohort 1 

consisted of 29 clinically stable adult subjects (>18 years old) with a median age of 26.3 (IQR 

20.5-32.5). Females comprised 62% of the group. The baseline median percent predicted FEV1 
(ppFEV1) was 41% (IQR 32.3-59.3). Subjects had a median (IQR) body mass index (BMI) of 

19.9 (18.9-21.5) kg/m2. An event (transplant or death) occurred in 17% of the cohort within 5 

years and in 65% by the end of the study period (221 months). Study cohort 2 consisted of 33 

adult subjects (hospitalised during exacerbation) with a median age of 25 (IQR 21-33.5) years. 

Females comprised 52% of the group. Median ppFEV1 was 43% (IQR 29-70) with a median 

BMI of 20.2 (IQR 18.3-21.6) kg/m2. An event (transplant or death) occurred in 33% of the 

cohort within 5 years and in 36% by the end of the study period (79 months). We observed no 

statistically significant differences for each parameter listed in Table 1 when comparing study 

cohorts 1 and 2; except for comparisons of survivors and non-survivors at the end of the study 

period (p=0.04). This likely reflects the length of study durations (study cohort 1, 221 months; 

study cohort 2, 79 months. Indeed, no statistical difference was observed upon analysis of the 

5-year mortality data.  

 
Table 1: Description of the baseline characteristics of the study cohorts and patient outcome. Data are 
displayed either as the number (percent), median (IQR) or mean (SEM). The number of patients alive 
or dead/transplant is reported for 5 years post sample collection and at the end of the study period.  
 

Parameter Study cohort 1 Study cohort 2 
Population total 29 33 

Gender (% female) 62 52 
Age (years) 26.3 (20.5-32.5) 25 (21-33.5) 

FEV1 (% predicted) 41 (32.3-59.3) 43 (29-70) 
BMI 19.9 (18.9-21.5) 20.2 (18.3-21.6) 

Genotype   
Phe508del/Phe508del 18 (62%) 18 (55%) 

Phe508del/Other 11 (38%) 14 (42%) 
Unknown - 1 (3%) 

Mortality data (5 years)   
Alive 24 (83%) 22 (67%) 

Number of deaths 5 (17%) 11 (33%) 
Number of transplants 0 0 

Mortality data (end of study)   
Alive 10 (35%) 21 (64%) 

Number of deaths 16 (55%) 11 (33%) 
Number of transplants 3 (10%) 1 (3%) 

 



3.2 TLP activity and lung function  

In study cohort 1 TLP activity inversely correlated with lung function (ppFEV1) (r=-0.4, 
p=0.03) (Figure 1A). A similar trend was observed in study cohort 2 (r=-0.3) although this 
was not statistically significant (p=0.1) (Figure 1B).  

 
Figure. 1: Correlation analysis for TLP activity and ppFEV1 for (A) study cohort 1 and (B) study cohort 
2. Statistical data are presented as Spearman’s rank r value (p-value). 

 

3.3 TLP activity levels and 5-year patient survival 

Study cohort 1: We examined the relationship between sputum TLP activity levels and 5-year 

survival. Median TLP activity was 2.8-fold greater in non-survivors compared to surviving 

counterparts 77 (IQR 58.5-79.5) vs 27.5 (IQR 17.5-66.75) RFU/min; p = 0.02) (Figure 2A).  

Study cohort 2: A 1.5-fold greater level of TLP activity was evident in individuals who did not 

survive beyond 5 years (60 (IQR 35-105) vs 40.5 (IQR 19.5-58.25) RFU/min for non-survivors 

and survivors respectively) though this was not statistically significant (p=0.1) (Figure 2B).  

 
Figure 2: The relationship between sputum TLP activity levels and 5-year patient survival for (A) study 
cohort 1 and (B) study cohort 2. The median TLP activity value for each group is highlighted by a 
horizontal bar. Differences between groups was determined using the Mann-Whitney statistical test. 
 



3.4 Increased TLP activity levels is associated with poorer patient survival  

Study cohort 1: Kaplan-Meier survival analysis demonstrated individuals with high (above 

median) TLP activity had a poorer survival outcome compared with individuals with low 

(below median) TLP activity (p=0.04) (Figure 3A); median survival time 111 months 

compared to 204 months (Figure 3A). Increasing TLP activity related to a significant mortality 

hazard (log HR 7.21; 95% CI 1.25-41.6; p=0.03).  

Study cohort 2: Initial crude survival analysis (Kaplan-Meier) demonstrated individuals with 

high TLP activity had a tendency for reduced survival though this was not statistically 

significant (p=0.08) (Figure 3B). Multivariate Cox analysis however, revealed a significant 

mortality hazard (log HR 19.2, 95% CI 1.82-202.7; p=0.01) with increasing TLP activity.  

 

 
Figure 3: Kaplan-Meier curves for the time to event demonstrating the difference in time to death or 
censoring (transplantation) for patients with TLP activities above (referred to as high) or below (referred 
to as low) the median protease activity value for study cohort 1 (A) and study cohort 2 (B). The log 
hazard ratio was determined separately by Cox regression analysis. 

 

3.5 TLP activity and treatment 

At the time of sample collection, no patients in cohorts 1 or 2 were on CFTR modulators. A 

sub-analysis of clinically stable patients (cohort 1) on therapies such as inhaled or oral 

antibiotics, inhaled or oral steroid and macrolide showed no significant differences in the levels 

of TLP activity across groups (Supplemental Figure S2); all patients in cohort 2 (exacerbation 

group) were on various mixtures of inhaled, i.v. and oral antibiotics which limited further 

analysis.   

 

  



3.6 Comparison of TLP activity with NE 

NE is well-established as the dominant protease activity associated with CF lung disease 

pathogenesis. A correlation analysis between NE and TLP activity found no relationship in 

either study cohort (study cohort 1: r=0.19, p=0.3; study cohort 2: r=0.12, p= 0.5); indicating 

that these enzymes act in a distinct manner. In contrast to our findings that TLP activity levels 

related to poorer lung function and patient survival (Figures 1-3) we did not find any 

relationship between NE levels and lung function (Figure 4A&B), nor with patient survival 

(Figure 4C&D), in study cohorts 1 or 2.   

 

 
Figure 4. Correlation analysis regarding NE activity and ppFEV1 for (A) study cohort 1 and (B) study 
cohort 2. Statistical data are presented as Spearman’s rank r value (p-value) and Kaplan-Meier curves 
for the time to event demonstrating the difference in time to death or censoring (transplantation) for 
patients with NE levels above or below the median protease activity value for study cohort 1 (C) and 
study cohort 2 (D).  
 

 

  



Discussion 

The primary focus of this investigation was an examination of the relationship between TLP 

activity levels present in adult CF airways (sputum) and clinical parameters of CF lung disease. 

We report for the first time, that patients with high levels of TLP activity associate with poorer 

lung function and survival. This is important as the identification of biomarkers predictive of 

future outcomes may aid our understanding of mechanisms of disease and may assist with the 

assessment of therapeutic interventions. 

 

A number of secreted, soluble epithelial-derived TLPs are present in CF airways, of which 

prostasin and matriptase are of particular interest due to reported increased activity levels of 

these TLPs in CF airway epithelial cells (9, 15, 16). These activities have the potential to 

contribute to the hyperactivation of ENaC and subsequent airways dehydration; a key initiating 

factor for the development of CF lung disease (17). In addition, human airway trypsin-like 

protease (HAT) enhances mucin gene expression and mucus hypersecretion (21, 22). 

Inflammatory signalling via PAR-2, leading to inflammatory mediator release and possible 

leukocyte recruitment, is predominantly activated by trypsin, which is secreted by epithelial 

cells in addition to nerve cells (20). Feasibly TLP-mediated ENaC activation, inflammation 

and/or mucus secretion may underlie the associations with lung function and patient survival 

reported herein.  

 

NE, which has also been shown to activate ENaC (26) and promote mucus secretion (7), did 

not associate with lung function decline nor patient mortality further highlighting the complex 

mechanisms at play in CF airways. NE is secreted in substantial quantities as part of the 

inflammatory response to the recurrent bacterial infections associated with CF airways disease, 

contributes to lung damage and has been reported as a risk factor for the onset and progression 

of lung disease in children with CF (2). Conversely, NE is a fundamental component of innate 

immunity, with NE-/- mice more susceptible to death upon exposure to Gram-negative 

infection (27, 28). The discordant roles of NE (protective and destructive) in this context may 

underlie the lack of association between NE and patient survival reported herein. In the Scnn1b-

Tg mouse model of CF lung disease genetic deletion of NE (NE-/-) causes reduced 

inflammation, mucus hypersecretion and structural lung damage but did not reduce airway 

mucus plugging or pulmonary mortality (29). One previous study examining the relationship 

between sputum NE levels and CF patient survival did not find any relationship (3). Therefore, 



while NE plays an important role in the progression of CF lung disease it is necessary to 

consider other additional factors that may contribute to survival.  

 

This current study reports cross-sectional, rather than longitudinal data, which limits our ability 

to determine causality and furthermore was retrospective in nature. A prospective study, is 

therefore warranted. Only one other CF sputum biomarker HMGB1 (high-mobility group box-

1 protein) has been reported as a candidate which predicts CF patient survival. We did attempt 

to measure HMGB1 by ELISA to allow comparison with our data, however no measurable 

levels were observed, possibly reflective of reported issues regarding the stability of this 

protein over long-term storage (30).  The lack of association between NE and lung function in 

our study cohorts was also unexpected although there is a clear disparity between the cohort 

sizes used in this study and the large multicentre study conducted by Mayer-Hamblett and 

colleagues involving 269 subjects compiled from 4 different CF studies (1). Despite the limited 

sample size, the fact we observed similar TL-activity results across two cohorts (one group 

stable and the other group patients hospitalised for exacerbation) recruited in two separate sites, 

is reassuring. The different clinical status of the two groups did however limit a full comparison 

across groups including any substantial investigation of the effect of treatment on airways TLP 

levels but for cohort 1, a breakdown of patients on therapies such as inhaled or oral antibiotics, 

inhaled or oral steroid and macrolide was conducted however, no significant differences were 

observed between the groups (Supplemental Figure S2).  All patients in cohort 2 (exacerbation 

group) were on various mixtures of inhaled, i.v. and oral antibiotics which prevented any 

further sub-analysis. An understanding of how biomarkers respond to treatment, particularly in 

the era of triple therapy, is increasingly important. The samples analysed in this study were 

collected prior to patients having the opportunity to participate even in the early ivacaftor 

studies. Detailed cell-based studies looking at the mechanisms behind elevated trypsin-like 

activity levels in CF, to include the effect of CFTR modulation, using differentiated primary 

human airways epithelial cells grown at air liquid interface is on-going and may further inform 

the field. 

 

Although widely used, the peptide substrates employed to measure proteolytic activity can be 

hydrolysed by alternate enzymes present in complex biological samples. To mitigate against 

this the broad-spectrum TL protease inhibitor (QUB-TL1) was included to improve assay 

specificity. Consistent with that we find that QUB-TL1, although a broad spectrum inhibitor 

of TL proteases (9), only partially inhibits the hydrolytic activity against the fluorogenic 



peptide substrate, Boc-QAR-AMC (Supplemental Figure S1A&B). The profiling of QUB-TL1 

against a range of CF lung disease relevant proteases has been included (Supplemental Figure 

S1C), to include the matrix metalloproteases, MMP-2 and -9; the cysteine proteases, cathepsins 

B and S; clotting enzymes, Thrombin and Factor Xa, and chymotrypsin and elastase as 

examples of serine, non-trypsin like proteases. QUB-TL1 selectively targets trypsin-like 

activity and does not inhibit non-TL serine, cysteine or metalloprotease activity.  

 

QUB-TL1 irreversibly binds the active site of target enzymes (TL proteases) and the 

incorporation of a biotin tag into its structure enables it to act as an activity-based probe which 

could facilitate future  purification and identification of the specific proteases involved (9).  In 

addition, there may also be opportunity for the development of an activity-based immunoassay 

to simplify analysis as has been developed for active NE, using a similar ProteaseTag® 

technology (25). This approach could enable a better understanding of the mechanisms 

underlying our findings, and may allow a more precise determination of these undoubtedly 

complex proteases networks in future biomarker and intervention studies. 

 

In conclusion, this exploratory retrospective analysis of adult CF sputum demonstrates for the 

first time that TLP activity inversely correlates with lung function and patient survival. As such 

TLP activity warrants further evaluation to determine its usefulness as a biomarker of CF lung 

disease and/or as a novel therapeutic target.  
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