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a b s t r a c t 
Rationale: Sputum biomarkers hold promise as a direct measure of inflammation within the cystic fi- 
brosis (CF) lung, but variability in study design and sampling methodology have limited their use. A full 
evaluation of the reliability, validity and clinical relevance of individual biomarkers is required to optimise 
their use within CF clinical research. 
Objectives: A biomarker Special Interest Working Group was established within the European Cystic Fi- 
brosis Society-Clinical Trials Network Standardisation Committee, to perform a review of the evidence 
regarding sputum biomarkers in CF. 
Methods: From the 139 included articles, we identified 71 sputum biomarkers to undergo evaluation of 
their clinimetric properties, responsiveness, discriminant, concurrent and convergent validity. 
Results: Current evidence confirms the potential of sputum biomarkers as outcome measures in clinical 
trials. Inconsistency in responsiveness, concurrent and convergent validity require further research into 
these markers and processing standardisation before translation into wider use. Of the 71 biomarkers 
identified, Neutrophil Elastase (NE), IL-8, TNF- α and IL-1 β , demonstrated validity and responsiveness to 

! On behalf of the European Cystic Fibrosis Society – Clinical Trial Network: 
Biomarkers Special Interest Group. 
!! "Take home" message of paper: 

" Sputum biomarkers hold promise as a direct measure of inflammation within 
the cystic fibrosis lung with NE, IL-8, TNF- α and IL-1 β , demonstrating evidence of 
validity and responsiveness to be considered as outcome measures in clinical trials. 
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be currently considered for use in clinical trials. Other biomarkers show future promise, including IL-6, 
calprotectin, HMGB-1 and YKL-40. 
Conclusion: A concerted international effort across the cystic fibrosis community is needed to promote 
high quality biomarker trial design, establish large population-based biomarker studies, and work to- 
gether to create standards for collection, storage and analysis of sputum biomarkers. 

© 2021 European Cystic Fibrosis Society. Published by Elsevier B.V. All rights reserved. 

1. Introduction 
Cystic fibrosis (CF) therapy is increasingly focused on person- 

alised care, therefore, the ability to accurately monitor disease pro- 
gression and response to therapy is essential [1] . Starting in in- 
fancy, a persistent, progressive and excessive inflammatory state 
develops within the CF lung, acting as a specific driver of lung 
damage [ 2 , 3 ]. Defects in the innate and adaptive immune systems 
[4] , neutrophil influx, unbalanced oxidative stress response, and 
local hypoxia generated by mucus accumulation, drive a vicious 
pro-inflammatory cycle [5–7] . This is mediated by increased con- 
centrations of pro-inflammatory mediators including nuclear fac- 
tor kappa B (NF-kB), defective promotion of inflammatory resolu- 
tion, and an imbalance in protease and antiprotease activity [8] . 
As inflammation drives disease progression and pulmonary exac- 
erbations [9] , therapies targeted at reducing inflammation are an 
increasing priority for future CF care [ 4 , 10 , 11 ]. 

A Biomarker Special Interest Working Group was established 
within the European CF Society-Clinical Trials Network (ECFS-CTN) 
Standardisation Committee, to standardise the use of inflamma- 
tory biomarkers in clinical trials [12] . The group first evaluated 
bronchoalveolar lavage (BAL) inflammatory biomarkers, but with 
BAL sampling limited by bronchoscopic procedural risks, which 
increase with disease severity, alternatives are required [ 12 , 13 ]. 
Among these, sputum induction carries minimal risk, is possible 
in paediatric populations [14] and those unable to expectorate and 
is increasingly important in the CFTR modulator era [ 15 , 16 ]. 

Biomarkers have wide roles in clinical research, across bio- 
logical mechanism studies and all phases of clinical trials. Some 
biomarkers may be critical for drug development despite lack 
of correlation with individual clinical outcomes. For example, 
biomarkers are necessary for evaluation of pharmacokinetics, phar- 
macodynamics (PK/PD), mechanism of drug action, and safety, as 
in the case of QT interval monitoring. To date, variability in study 
design, patient populations and sampling methodology have chal- 
lenged the translation of sputum biomarkers into wider use [18] . 
No optimal investigational biomarker has emerged, as a trial out- 
come measure, in part due to a lack of robust evidence of reliabil- 
ity and validity [17] . To inform drug development in CF, inflam- 
matory biomarkers may be considered independently from clin- 
ical response as “pharmacological” indicators of drug efficiency, 
mainly in proof of concept trials, or as responsive or prognostic 
biomarkers reflective of clinical response in the short or long term 
[18] . These 2 conceptual aims may require different validation ap- 
proaches. This manuscript aimed to identify, through an exhaustive 
literature search and systematic review of their properties within a 
validation framework, sputum biomarkers with potential for future 
use as trial outcomes, highlight gaps in knowledge, areas for future 
research and provide recommendations for future practice. 
2. Methods 

A literature search was conducted using the National Cen- 
tre for Biotechnology Information US National Library of 
Medicine/National Institutes of Health PubMed database. The 
search was limited to full text articles in English, with publication 

ending Feb 2020. For search terms see Supplemental Figure 1 
(S1). A bibliographic search was conducted of all included articles. 
Over 3500 references were identified by the initial searches. After 
review of duplication and abstracts, 187 articles were identified 
for further review. Further screening for inclusion was conducted 
by four reviewers (CA, SN, AL and KH). On further full text review, 
48 were excluded based on incomplete numerical values, alter- 
native respiratory samples, laboratory studies or animal models, 
or non-English language papers ( Figure S1) . Variability in study 
populations, sampling and laboratory methodology, prevented 
performance of a formal meta-analysis and effective evidence 
grading, but allowed creation of a consensus guidance document. 

In total, 100 papers identified 71 sputum biomarkers for 
review (Figure S1). Investigated biomarkers included: cell 
counts; pro-inflammatory, anti-inflammatory and lymphocytic 
signalling/regulatory cytokines; neutrophil related proteases/anti- 
proteases [ 4 , 11 , 19 ]; growth factors; bioactive metals and co-factors 
of superoxide dismutase involved in oxidative stress (Supplemen- 
tal Table 1: Table S1). Results from the included studies were 
collated to provide an overview of clinimetric properties of each 
biomarker, responsiveness, discriminant, concurrent and conver- 
gent validity (Supplemental Table 2: Table S2) [20] . Convergent 
validity was assessed against percent predicted forced expiratory 
volume in one second (ppFEV 1 ), other clinical measures or other 
disease biomarkers identified from included papers where possi- 
ble, and against serum biomarkers. Discriminant validity between 
people with CF (pwCF), healthy controls (HC) and other respiratory 
diseases was used to assess biomarkers disease specificity and 
validity within assessment of inflammatory mechanistic pathways. 
This clinimetric validation framework allowed assessment of 
any given biomarkers’ validity across the multitude of potential 
pharmacodynamic, monitoring, predictive and prognostic roles 
inflammatory biomarkers could play within CF [ 17 , 142 ]. 
3. Results 
3.1. Discriminant validity between people with CF (pwCF) and 
non-CF subjects 

The ability of 23 sputum biomarkers to discriminate between 
healthy controls (HC) and pwCF is shown in Table 1 . Interleukin 
8 (IL-8) and tumour necrosis factor alpha (TNF- α) were the most 
frequently assessed, and effectively discriminated between CF and 
HC in adults and children [21–26] . Neutrophil elastase (NE) also 
showed significant discriminant validity, with values up to 40 
times higher in pwCF than in HC [ 23 , 27 , 28 ]. Interleukin 1 beta 
(IL-1 β), interleukin 6 (IL-6) and interleukin 10 (IL-10) differed sig- 
nificantly in CF and HC children. High mobility group box protein 
(HMGB-1), chemokine ligand 18 (CCL-18), chitinase-3-like protein 1 
(YKL-40) differed significantly in CF and HC adults. A single study 
found neutrophil count and percentage could discriminate between 
pwCF and HC [23] . 

Supplemental Table 3 (Table S3) shows discriminant validity 
of biomarkers between CF and other chronic respiratory diseases. 
IL-8 showed significantly higher levels in pwCF versus asthmatic 
patients [ 22 , 29 ], while interferon gamma (IFN- γ ), interleukin 3 (IL- 
3), urokinase plasminogen activator (uPA), granulocyte macrophage 
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colony stimulating factor (GM-CSF), eosinophilic cationic protein 
(ECP) and eosinophil peroxidase (EPX) were unable to discrimi- 
nate between these two groups ( Table S3 ). IL-1 β , IL-6, and IL-8 
demonstrated variable discrimation between pwCF, versus patients 
with bronchiectasis [ 24 , 25 , 30 ] and chronic obstructive pulmonary 
disease (COPD) [ 21 , 22 , 31 ]. NE and trace metals were significantly 
increased in pwCF compared to other respiratory diseases [ 32 , 33 ], 
but were investigated only in single studies [33] . 
3.2. Concurrent validity with ppFEV1 and other clincial outcomes 

Assessment of concurrent validity with ppFEV 1 showed con- 
flicting results across individual biomarkers ( Table 2 ). Total cell 
and neutrophil count were consistently related to ppFEV 1 , in five 
out of six studies [34–38] ( Supplemental Table 5: Table S5 ). 
For IL-8, equal numbers of studies demonstrated both signifi- 
cant negative [ 22 , 34 , 35 , 40 , 57 , 93 ] and no correlation with ppFEV 1 
[ 36 , 38 , 39 , 42-44 ]. Similarly, for NE, correlation with ppFEV 1 was 
inconsistent, with studies demonstrating no significant correla- 
tion [ 28 , 34 , 38 , 39 , 43 , 44 ] outnumbering those demonstrating signif- 
icant negative correlation [ 35 , 36 , 41 , 45 ]. Importantly however, in 
two paediatric cohorts, increased levels of NE at baseline were as- 
sociated with accelerated ppFEV 1 decline over the following 3-year 
period [36] . Moreover, in a larger multicentre study, free elastase 
was associated with ppFEV 1 decline, demonstrating a -2.9% decline 
(95% CI: –5.0, –0.9) per 1-log increase in elastase [140] . 

Other cytokines, including IL-1 β , IL-6 and growth factors did 
not demonstrate consistent correlation with ppFEV 1 ( Table S5 ). 

Concurrent validity was inconsistent for a range of clinical 
outcomes, including survival, bacterial or pulmonary exacerbation 
(PEx) status, symptoms and radiological appearances ( Table S5 ). IL- 
8 correlated significantly with age [46] , chest x-ray (CXR) findings 
[42] and time to next PEx [43] , but not with mutation or sur- 
vival [ 46 , 48 ] ( Table 2 ). NE was significantly associated with cor- 
ticosteroid use [43] , microbiota diversity and evenness [47] , but 
not with other outcomes including survival [ 45 , 48 ]. P. aeruginosa 
(Pa) load was associated with increased NE, S. aureus (SA) load 
with increased IL-1 β and vascular endothelial growth factor (VEGF) 
[47] ( Table 2 ). In a longitudinal cohort, IL-6 and HMGB-1 were the 
only other sputum biomarkers to demonstrate significant correla- 
tion with survival and PEx [ 36 , 48-50 ] ( Table S5 ). 
3.3. Convergent validity between sputum biomarkers and with serum 
biomarkers and clinical measures 

Convergent validity between sputum biomarkers was evi- 
dent across multiple studies and biomarkers ( Supplemental ta- 
ble 6: Table S6 ). IL-8 was the most extensively investigated, 
with twenty studies ( Table 3 ). IL-8 significantly correlated with 
NE [ 23 , 26 , 36 , 38 , 46 , 51 , 53 ] ( Table 3 ), TNF- α [ 22 , 54 ] and IL-1 β
[ 26 , 49 , 52 ] ( Table S6 ). Similarly, NE showed significant corre- 
lation with TNF- α levels [51–53] , and with IL-1 β [ 36 , 52 , 53 ] 
( Table 3 ). Sputum matrix metalloproteinase-9 (MMP-9a) and MMP- 
9b showed partial correlation with serum MMP-9a [56] and a neg- 
ative relationship with SLPI (27). 

Convergent validity between blood and sputum inflammatory 
biomarkers was less well studied. C-reactive protein (CRP) and IL-8 
correlated in one study, when measured at the end of PEx treat- 
ment [57] but not at the initiation of PEx treatment [38] . No cor- 
relation could be demonstrated between sputum and plasma levels 
of IL-1 α [58] . 
3.4. Responsiveness by therapy 

Multiple studies have assessed the responsiveness of spu- 
tum biomarkers to investigational medicinal products and clini- 

cal interventions including antibiotic (oral, IV and inhaled), anti- 
inflammatory, cystic fibrosis transmembrane conductance regula- 
tor (CFTR) modulator and airway clearance therapies. The majority 
of studies investigated IL-8, NE, TNF- α and IL-1 β . Multiple other 
biomarkers have been explored in a smaller number of studies 
such as HMGB-1, IFN- ƴ, SLPI, TIMP-1, and several cathepsins. 
Antibiotic Therapies 

Evidence of the responsiveness of IL-8 to antibiotic therapy 
(oral/IV) is conflicting, with seven studies showing a significant re- 
duction [ 53 , 59-64 ], and five no significant change [ 36 , 38 , 62 , 65 , 66 ]. 
One of the largest studies was carried out in 55 patients treated 
with IV antibiotics, demonstrating a decline in NE and IL-8 by 0.4 
and 0.5 log respectively, in parallel to a 2 to 4 log reduction in 
lower airway bacterial density [63] . 

One study demonstrated a significant increase in IL-8 in re- 
sponse to inhaled tobramycin [67] ( Table 4 ). NE response was 
slightly more consistent, with nine studies showing significant re- 
ductions after antibiotics [ 39 , 43 , 59 , 60 , 63 , 65 , 66 , 68 , 134 ], one a sig- 
nificant increase [36] and three no significant change [ 27 , 38 , 64 ] 
( Table 5 ). Across the five studies assessing responsiveness of TNF- 
α to oral, IV and inhaled antibiotic therapy, four showed a de- 
crease after treatment [ 31 , 42 , 62 , 67 ], one an increase [36] and one 
no significant change (38). A similar pattern of discordant re- 
sponses across studies was observed for IL-1 β , [ 31 , 36 , 38 , 57 ] and 
IL-6 [ 36 , 66 ] ( Supplemental Table 7: Table S7 ). IL-4, calprotectin 
and MMP-9 showed a significant reduction in response to an- 
tibiotic therapy [ 27 , 33 , 38 , 57 , 62 ], club cell secretory protein (CCSP) 
and tissue inhibitor of metalloproteineases-1 (TIMP-1) a significant 
increase [ 38 , 52 ], whilst myeloperoxidase (MPO) demonstrated no 
significant response [ 33 , 38 ] (Table S7) . 
Anti-inflammatory therapies 

Evidence regarding sputum biomarker response to anti- 
inflammatory therapies is limited, hampered by short study dura- 
tions and variation, within and between individuals [98] . Of the 
seven biomarkers assessed, only IL-6 showed a significant reduc- 
tion in response to oral Ibuprofen [98] ( Table S7 ). IL-8 did not 
show significant responsiveness to inhaled corticosteroids (ICS) 
[70] ( Table 4 ). Recombinant alpha-1-antitrypsin (rAAT) resulted 
in a significant reduction in IL-8, NE, IL-1 β and TNF- α [ 53 , 71 ] 
( Table 4 ; Table 5 ; Table S7 ). IL-8, but not NE, demonstrated a sig- 
nificant reduction in response to the inflammatory resolution pro- 
moter, Lenabasum [72] . NE did not decrease significantly in re- 
sponse to a neutrophil elastase inhibitor (AZD9668) [73] . 
CFTR Modulator Therapies 

Studies of the impact of CFTR modulation on inflammation 
are mainly pre-clinical, with some exploration in patient cohorts 
(74,75,135). Variability in response is evident. One study demon- 
strated no significant change in sputum biomarkers, including IL-8 
and NE, after 60 days Ivacaftor [135] , also confirmed in a recent 
study where no changes were observed [10] . Two studies demon- 
strated reduced IL-8 after short (day 0-14) [76] and long term (600 
days) therapy with Ivacaftor [77] . IL-1 β and calprotectin reduced 
significantly after 7 days of Ivacaftor [77] . Further studies to ex- 
plore the potential anti-inflammatory aspects of CFTR modulation 
are needed, as current studies pre-date the introduction of triple 
CFTR modulator combinations. 
Airway Clearance Therapies 

One study showed a significant reduction in IL-8 in response to 
inhaled heparin [78] , but this has not been reproduced in other 
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Table 2 
IL-8 and NE concurrent validity for ppFEV 1 and other clinical parameters (e.g. infection status, age, disease severity etc.): 

Popn Author 
[Ref.] Subjects (n) Sample type: 

S/IS Exacerbation status 
Biomarker correlation to ppFEV 1 Biomarker correlation to 

other clinical parameters 
Stable PEx 

NE 
Paediatric [ 39 ] 17 S NA 17 NS: NE activity with ppFEV 1 

changes (r 2 = 0.2185; p = 0.08) NR 
[ 36 ] 35 “main cohort” IS 45 0 Negative NE change from baseline 

(r = -1.12; p < 0.04) 
Negative NE change and annual 
rate of change in ppFEV 1 
(r = -0.55; p < 0.01) 

Number of ABx courses over 
the study period NS 

[ 46 ] 20 IS 30 16 NR Age, mutation severity, Pa 
infection, PEx, azithromycin, 
inh ABx, Dornase alfa, 
continuous oral ABx: NS 
inhaled steroids: data NR 

Adult [ 47 ] 16 S/IS 16 0 NR Shannon diversity index and 
evenness: negative for both 
comparisons p = 0.06 
NE levels: with Inc. 
biodiversity p = 0.01 

[ 48 ] 57 (n = 40) S 57 0 NR NE not assoc. with survival 
p = 0.186 

Mixed [ 41 ] 73 (baseline) 
37 (longitudinal) IS 73 0 Negative NE ∗∗: r = -0.42 [-0.69; 

0.06] NR 
[ 27 ] 17 S 18 1 Positive NE in LAW: with ppFEV 1 

(p = 0.033, r = 0.593) NR 
[ 28 ] 33 S 0 33 NS NE activity NR 
[ 34 ] 269 (4 studies) IS 0 0 NS Free elastase NR 
[ 35 ] 20 CF S/IS 20 0 Negative: NE (r = -0.75, p = 0.001) Baseline SaO 2 NS 
[ 43 ] 10 S 10 0 NS: NE complex NE complex with steroid use 

p < 0.001 
[ 44 ] 12 S 12 0 NS NR 
[ 45 ] 28 S 28 0 Negative Active elastase 

(r = -0.57, p < 0.01) Disease severity NS 
Positive with levels of 
pulmonary disease p < 0.01 

IL-8 
Paediatric [ 39 ] 17 S 0 17 NS FEF NS 

[ 36 ] 35 “main cohort”

10 stable IS 45 0 NS IL-8 ∗∗ ABx courses over the study 
period NS 

[ 46 ] 20 IS 30 16 NR Positive with Age p < 0.05 
Mutation severity, infection 
with Pa, PEx, azithromycin, 
inh ABx, dornase alfa, 
continuous oral ABx NS 

Adult [ 48 ] 57 (sputa n = 40) S 57 0 NR Not assoc. with survival 
p = 0.348 

Mixed [ 41 ] 73 (baseline) 
37 (longitudinal) IS 73 0 Baseline r = -0.39; 

95%IC[-0.57;-0.17] 
IL8 ∗∗: r = -0.22; 95%IC[-0.55; 0.17] 

NR 
[ 21 ] 24 IS 24 0 NR NR 
[ 57 ] 24 S 0 24 Negative during Rx 

(r = -0.4578; p = 0.0245) NR 
[ 93 ] 19 IS 19 0 Negative (r = -0.64; p = 0.001) NR 
[ 34 ] 269 (4 studies) IS n/a n/a Negative (r = -0.28; p NR) NR 
[ 40 ] 16 S 16 0 Negative (r = -0.4; p = 0.003) Negative with sputum cough 

transportability p = 0.02 
[ 22 ] 28 IS 28 0 Negative (r = -0.39; p = 0.056) NR 
[ 35 ] 20 CF S /IS 20 0 Negative (r = -0.72; p = 0.002) Baseline SaO 2 NS 
[ 42 ] 58 S 48 10 NS Severity of pathological 

findings on x-ray p = 0.008 
Elevated levels correlated with 
symptoms of deterioration 

[ 43 ] 10 S 21 35 NS Time to next PEx, with steroid 
use p = 0.0048 

[ 44 ] 12 S 12 0 NS NR 
[ 54 ] 40 S 22 18 NR Brasfield or 

Shwachman-Kulczycki clinical 
scores NS 

[ 26 ] 33 S /IS NA NA NR Sig Inc assoc. with Chronic Pa 
colonization (data NR) 

ABx: antibiotic/s; assoc.: associated; bet: between; CF: cystic fibrosis; corr: correlated; FEF: forced expiratory flow; inc: increase/d; inh: inhaled; IS: induced sputum; IV: in- 
travenous; LAW: lower airways; n: number; n/a: not applicable, NR: not reported;, NA: not assessed; NE: neutrophil elastase; NEAPC: neutrophil elastase- α1 -antiproteinase 
complex; NS: not significant; NR: not reported; Pa: pseudomonas aeruginosa; PEx: pulmonary exacerbation; ppFEV 1 : percent predicted forced expiratory volume in 1 
second; Pa: pseudomonas aeruginosa; PEx: pulmonary exacerbation; Popn: population; Rx: treatment; S: sputum; SaO 2 : oxygen saturation; sig: significant; sput: sputum 
∗∗changes of the biomarkers assessed 
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Table 3 
Convergent validity for IL-8 and NE with other sputum biomarkers (only significant correlation shown) 

Popn Author 
[Ref.] Subjects (n) Sample type: 

S/IS Correlation with other biomarkers/parameters in sputum 
IL-8 
Paediatric [ 36 ] 35 “main cohort”

10 stable IS NE (r = 0.73; p NR) ∗∗

[ 46 ] 20 IS NE comparing all specimens (r = 0.85; p < 0.001, n = 31); one specimen 
per subject (r = 0.79; p < 0.001, n = 22) 

Adult [ 51 ] 36 S NE (r = 0.547; p = 0.001) 
[ 33 ] 23 CF; 14 (CF PEx) 

14 CF (recovery) IS Zinc levels (r = 0.067; p < 0.001) 
Sputum iron (NR) 

[ 52 ] 45 S MMP-9, IL-6, TNF- α, IL-1 β , NE (NR) 
[ 56 ] 40 S/IS Total protein count in IS (r = 0.76; p < 0.001) 
[ 99 ] 40 IS CCL18 (r 2 = 0.47; p < 0.05) 
[ 30 ] 45 S/IS Mg (r = 0.42; p < 0.01), Fe (r = 0.39; p < 0.01) and Zn concentrations 

(r = 0.38; p < 0.01) 
[ 21 ] 24 IS TGF β1 (r = 0.549; p < 0.0007); TGF β1 (r = 0.593; p < 0.007) in infected 

patients 
[ 49 ] 49 S IL-1 β (r = 0.56; p < 0.0001); MPO (r = 0.73; p < 0.0001); TGF β1 (r = 0.47; 

p < 0.0001); TCC (r = 0.47; p < 0.0001) 
[ 59 ] 19 S Desmosine levels (r = 0.86; p < 0.01) 

Desmosine (r = 0.64; p = 0.02) ∗∗

[ 53 ] 52 IS NE (r = 0.48; p < 0.01) ∗∗

[ 34 ] 269 (4 studies) IS Free elastase (r = 0.72; p NR) 
[ 22 ] 28 IS uPAR (r = 0.47; p = 0.0001) and uPA (r = 0.34; p = 0.0001); TNF- α

(r = 0.31; p = 0.0001); IL-10 (r NR; p < 0.0001); CAP-18 (r = 0.16; 
p = 0.04) 

[ 105 ] 16 S MPO (r = 0.45; p = 0.01); DNA (r = 0.45; p = 0.01) 
[ 23 ] 20 S/IS Neutrophil counts IS (r = 0.80; p < 0.001) 
[ 42 ] 58 S TNF- α (in 9 CF patients with PEx) (data NR) 
[ 54 ] 40 S TNF- α (r = 0.878; p < 0.0005) 
[ 26 ] 33 S/IS IL-1 α (NR); IL-1 β (NR); NE activity (p < 0.02) 

Mixed [ 38 ] 44 S MMP-9 (r = 0.424, p < 0.01), calprotectine (r = 0.539, p < 0.01), NE 
activity (r = 0.752, p < 0.0001), MPO (r = 0.582, p < 0.01) 

Neutrophil Elastase (NE) 
Paediatric [ 36 ] 35 “main cohort”

10 stable IS Total neutrophil counts (r = 0.54; p NR) ∗∗; Neutrophils % (r = 0.46; p 
NR) ∗∗; IL-8 (r = 0.73; p NR) ∗∗; IL-1 β (r = 0.63; p NR) ∗∗; MMP-9 
(r = 0.50; p NR) ∗∗; NEAPC (r = -0.53; p NR) ∗∗; SLPI (r = -0.58; p NR) ∗∗

[ 46 ] 20 IS IL-8 comparing all specimens (r = 0.85; p < 0.001; n = 31); one 
specimen per subject (r = 0.79; p < 0.001; n = 22). 
Neutrophil % (r = 0.35; p < 0.05) for all specimens but not for one 
specimen per subject 

Adult [ 51 ] 36 S LL-8 (r = 0.547; p = 0.001); TNF- α (r = 0.515; p = 0.001); Cathepsin B 
(r = 0.508; p = 0.002); Cathepsin S (r = 0.592; p < 0.0001) 

Mixed [ 41 ] 73 (baseline) 
37 (longitudinal) IS MPO (r = 0.88, p NR) 

[ 106 ] 34 S C5a ( β= 1.093; 95% CI [1.051, 1.136]; p < 0.001); C3a ( β= 0.998; 95% 
CI [0.984, 0.991]; p < 0.001) 

[ 52 ] 45 S CCSP conc (r NR; p = 0.0373) ; MMP-9, IL-6, TNF- α, IL-1 β , NE (NR) 
[ 32 ] 41 IS Bile Acid in patients with CF with detectable Bile Acid in sputum 

(r = 0.60; p = 0.002) 
[ 59 ] 19 S Desmosine levels (r = 0.78; p < 0.01) 
[ 28 ] 33 S MMP-9 (in-patient samples r 2 = 0.74; p NR) 
[ 53 ] 52 IS IL-8 (r = 0.48; p < 0.01) ∗∗; IL-1 β (r = 0.39; p < 0.05) ∗∗; TNF- α (r = 0.4; 

p < 0.05) ∗∗; LTB4 (r = 0.45; p < 0.05) ∗∗; Neutrophils (r = 0.52; p < 0.01) 
∗∗; % 54-kDa IgG before and after AAT treatment (r = -0.49, p < 0.05) 
and after 4 weeks of AAT inh (r = -0.43; p < 0.05) 

[ 34 ] 269 (4 studies) IS IL-8 (r = 0.72; p NR) 
[ 23 ] 20 S/IS Neutrophil counts in IS (r = 0.84; p < 0.001) 
[ 26 ] 33 S/IS IL-8 (r NR p < 0.02) 
[ 45 ] 28 S Active elastase levels (r = 0.49; p < 0.05); α1PI levels (r = 0.68; 

p < 0.005); α1PI BE (r = 0.68; p < 0.05) 
[ 38 ] 44 S Calprotectin (r = 0.611, p < 0.0001), IL-8 (r = 0.752, p < 0.01), MPO 

(r = 0.646, p < 0.0001) 
AAT: alpha1 antitrypsin; BE: bronchiectasis; bet: between;; CAP-18: cationic antimicrobial protein 18; CCL18: C-C Motif Chemokine Ligand 18; CCSP: clubcell secretory 
protein; CF: cystic fibrosis; CI: confidence interval; corr: correlated; conc: concentration; Fe: iron; FEF: forced expiratory flow; IgG: immunoglobulin G; inhl: inhaled; IL: 
interleukin; inh: inhaled/inhalation; IS: induced sputum; IV: intravenous; LAW: lower airways; LTB4: leukotriene B4; Mg: magnesium; MMP-9: matrix metalloproteinase 
9; MPO: myeloperoxidase; n/a: not applicable, NR: not reported, NA: not assessed; NE: neutrophil elastase; NEAPC: neutrophil elastase- α1 -antiproteinase complex; NR: not 
reported; p: p value; Pa: pseudomonas aeruginosa; ppFEV 1 : percent predicted forced expiratory volume in 1 second; PEx: pulmonary exacerbation; Popn: population; Rx: 
treatment; S: sputum; SaO 2 : oxygen saturation; sig: significant; sput: sputum; TCC: total cell count; TGF β1: transforming growth factor beta 1; TNF- α : tumor necrosis 
factor; uPA/R: urokinase-type plasminogen activator and receptor; Zn: zinc; α1PI: alpha 1 proteinase inhibitor. 
∗∗changes of the biomarkers assessed 
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studies using rhDNAse [ 79 , 80 ], hypertonic saline (HTS) [138] or 
bronchodilators [46] ( Table 4 ). Responsiveness of NE to airway 
clearance therapies was inconsistent, with two studies showing 
a significant decrease in response to recombinant human dor- 
nase alpha (rhDNase) and N-acetylcysteine [ 80 , 81 ] one a signif- 
icant increase in response to rhDNase [44] , and one no change 
[138] ( Table 5 ). Hypertonic saline may reduce IL-8 after a single 
inhalation [139] but does not reduce IL-8 or other biomarkers af- 
ter 12 weeks therapy [138] . 
3.5. Sputum sampling and processing 

Sputum biomarker levels are affected by sampling and labora- 
tory methodology [ 83 , 139 ]. Samples are obtained through sponta- 
neous expectoration (ES: expectorated sputum) or induction (IS: 
induced sputum) via inhalation of HTS. Four studies compared in- 
flammatory biomarkers in ES and IS from the same patients, all 
showing no significant difference in biomarker levels [ 15 , 23 , 47 , 82 ] 
( Table S4 ). Among those, one applied a correction factor for di- 
lution by HTS, concluding similarity between sampling processes 
[15] . 

To measure biomarkers in sputum, samples must first undergo 
solubilisation, using mucolytic agents (such as dornase alpha), re- 
ducing agents [dithiothreitol (DTT) and dithioerythritol (DTE)] or 
mechanical dissociation. The use of reducing agents may impact 
biomarker levels [83] . Myeloperoxidase (MPO), TNF- α, leukotriene 
B4 (LTB4), NE, IL-6, IL-8 and secretory leukocyte peptidase in- 
hibitor (SLPI) levels were significantly altered by use of stabilis- 
ing/reducing agents in processing [83] . 

Sputum samples are frequently frozen, then thawed to facilitate 
batch analysis in clinical trials. Two studies addressed this ques- 
tion, one showing significant variation in HMGB-1 levels between 
fresh and freeze-thaw samples [55] , whilst the other demon- 
strated no significant differences in IL-1 β , NE and MPO measure- 
ments. Nevertheless, NE levels trended higher in immediately pro- 
cessed samples [41] . Prompt low temperature processing (com- 
pletion within one hour at + 4 °C), increases accuracy of sputum 
biomarker analysis, demonstrated by close NE correlation across 
sputum and BAL samples [84–86] . 

Collection, storage and processing of sputum is highly incon- 
sistent across studies, impacting biomarker levels [ 41 , 86 ] and gen- 
erating wide variability in measured values ( Supplemental Table 
8 ). For IL-8 alone, over 20 assays have been used, with measured 
ranges varying by a factor of 10 0 0 ( Supplemental Table 9 ). 
4. Discussion 

For sputum biomarkers to have potential as outcome measures 
in clinical trials, they must reflect physiological or pathogenic pro- 
cesses, be objective, reproducible and quantifiable [ 18 , 87 ]. In CF, 
sputum biomarkers hold promise as reflections of airway inflam- 
mation, with potential to provide mechanistic, safety and effi- 
cacy data, to assess disease progression and response to interven- 
tions. This study provides evidence on the clinimetric properties 
of individual biomarkers, identifying those with current and fu- 
ture promise, across a wide range of potential roles for biomarkers 
within CF. 
Classification of sputum inflammation biomarkers 

To determine inflammatory pathways and identify targets 
for drug development, disease specific biomarkers are required. 
Multiple sputum biomarkers show effective discrimination, with 
biomarker levels 5-30 times higher in CF populations, compared 
to HC and other respiratory diseases [ 22 , 24 , 25 , 29-33 , 39 , 45 , 92 , 93 ], 

providing mechanistic information and evidence of disease speci- 
ficity. To identify a target sub-population or predict individuals 
with higher or lower likelihood of response to an intervention, 
biomarkers which discriminate across the CF population are re- 
quired. So far evidence about the discriminative ability of sputum 
biomarkers between pwCF based on disease severity and bacterial 
status is limited. IL-8, TNF- α and NE have most evidence so far, 
but other biomarkers including IL-1 β , and YKL-40 are worthy of 
further study [ 22-26 , 28 , 30-32 , 39 , 45 , 93 , 94 ]. 

To monitor disease status, predict disease trajectory and inform 
therapeutic drug development, biomarker changes must correlate 
with changes in clinical condition, or a surrogate of the clinical 
condition, with evidence provided by studies of concurrent valid- 
ity and responsiveness. To monitor pharmacological drug response 
and serve as “go/no go” for clinical development, correlation with 
clinical outcomes or disease status may not be necessary. Concur- 
rent validity of inflammatory biomarkers is limited by inter and 
intra-individual variability in the CF population, driven by het- 
erogeneity, disease severity and fluctuating stability, including PEx 
[ 18 , 98 ]. In sputum, additional variability is generated by fluctuat- 
ing stability during processing, temporal variation from sampling 
at differing time points, and spatial variation created by samples 
originating from different parts of the lung, reflecting heterogeneu- 
ous lung inflammation [ 87 , 89-91 ]. This may explain lack of consis- 
tent concurrent validity with clinical outcomes, including ppFEV 1, 
itself only a surrogate biomarker of disease status. Studies do point 
to a negative association between NE increase and ppFEV 1 decline, 
mainly in the paediatric population [ 36 , 46 ]. This is supported by 
BAL studies in infants demonstrating correlation between elastase 
and IL-8 at 3 months of age and bronchiectasis prevalence [3] . This 
provides evidence for potential use, at least in young patients, for 
NE as a predictive biomarker of future disease evolution. Evidence 
for other sputum biomarkers, to act as predictive or prognostic 
biomarkers for disease trajectory, through correlation with infec- 
tion status, bacterial load, lung imaging, pulmonary exacerbation 
status or survival, is so far inconsistent, with limited longitudinal 
data [ 36 , 42 , 43 , 46 , 47 , 48-50 ]. 

There is more potential for sputum biomarkers within drug de- 
velopment and monitoring of therapeutic response, with NE, IL- 
8, IL-1 β and TNF- α having the greatest body of evidence around 
responsiveness [ 31 , 33 , 36 , 42 , 43 , 53-68 , 71 , 76-78 , 80 , 81 , 95 ]. Variability 
in responsiveness between biomarkers and interventions is evi- 
dent [ 12 , 27 , 33 , 36 , 39 , 43 , 59 , 60 , 63-65 , 68 ], with TNF- α and NE more 
consistent, IL-8 more variable, in response to antibiotic and 
inhaled airway clearance therapies [ 31 , 36 , 39 , 42-44 , 46 , 59-68 , 78- 
81 , 134 , 138 ]. Despite their importance, studies of biomarker respon- 
siveness to CFTR modulation and anti-inflammatory therapies are 
limited and pre-date triple CFTR modulation, showing inconsis- 
tency between biomarkers, and short versus long term response 
[ 53 , 70-73 , 77 , 98 ]. 

These differences in responsiveness patterns may assist under- 
standing of the physiological effects of therapeutic interventions, 
how this varies between individuals, and with time. With a longer 
lifespan and an increasingly heterogeneous population, biomark- 
ers appropriate to the intervention, study design and/or popula- 
tion are increasingly important. Physiologically relevant biomarkers 
with clinimetric properties specific to groups of patients should be 
further characterized to guide clinical trials in these populations. 
For example, biomarkers representative (or predictive of progres- 
sion) of early disease in infants or children. As an exemplar, IL- 
1 β responsiveness is greater in adults than children [ 31 , 57 ], per- 
haps related to its inflammatory mediator role, via NF-kB, which 
may increase as inflammation progresses [96] . The relative impor- 
tance of specific biomarkers may vary by intervention, sampling 
type, age and disease stage, reflecting physiological differences in 
inflammatory pathways and response. With evidence of conver- 
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gent validity between biomarkers, for example IL-8 significantly 
correlates with NE [ 23 , 26 , 36 , 38 , 46 , 51 , 53 ], TNF- α [ 22 , 54 ] and IL-1 β
[ 26 , 49 , 52 ], a smaller, more select, group of biomarkers may also be 
a future possiblity. 

In future, it is important to discriminate between variability in 
biomarker response and inconsistent correlation with clinical out- 
comes driven by genuine differences between individuals, defec- 
tive ability of the drug explored, inappropriate biomarker selection 
or actual inadequacy of the biomarker. The rise of highly effective 
CFTR modulating therapies demonstrate how a targeted, appropri- 
ately selected, responsive and reproducible biomarker, sweat chlo- 
ride, can assist in drug development, provide information on CFTR- 
related pharmacological action and monitor therapeutic response 
[143] . Biomarker choice should be targeted to the role required, 
the question asked, the drug and population being studied. More 
biomarker data and specific studies, reflecting a changing CF pop- 
ulation are required before this can become a reality. For exam- 
ple, in an era of triple CFTR modulation, biomarkers able to pro- 
vide evidence of clinical response, in the short and longer-term, are 
needed in a population where current clinical outcomes including 
ppFEV 1 are reducing in sensitivity. 
Methodological Challenges 

Methods of sputum collection, storage, processing and analy- 
sis are of critical importance to the validity of sputum biomarker 
results. Reducing/stabilising agents [83] and freezing may impact 
biomarker levels, with variable impact between biomarkers [41] . 
Further work is needed to fully understand their influence [41] . 
Accuracy of sputum biomarker measurement [84–86] may be im- 
proved by robust, standardised methodology, reliant on prompt 
processing and effective temperature control [84–86] . 

The CF population able to spontaneously provide sputum, dif- 
fers from those who may require sputum induction, for exam- 
ple, paediatric populations, patients with less severe disease, or 
those on CFTR modulator therapy [14] . With widening access to 
CFTR modulators, spontaneous sputum production is lessening, in- 
creasing this challenge. There is limited evidence on congruity in 
biomarker levels between ES and IS [ 63 , 87 , 89-91 ]. Levels could 
vary, driven by the induction process itself [100–102] , sputum pro- 
cessing with reducing agents, differences in disease severity and 
locational variation in the respiratory tract. Further work is manda- 
tory to explore this, and the mixed-methods approach used in pre- 
vious studies, where spontaneous or induced sputum were used 
interchangeably, is not recommended. 

To address methodological variability, greater standardisation in 
collection, storage and laboratory processes is necessary. To con- 
firm reliability and reproducibility, sputum processing steps, from 
collection onwards, should be clearly reported. This may require 
creation of collective standard operating procedures (SOPs) or ref- 
erence laboratory standards, such as those created by the ECFS- 
CTN for IS sampling and collection [ 103 , 104 , 137 ]. 

A greater emphasis on data and methodological sharing is nec- 
essary. Studies frequently present insufficient data on ranges or 
biomarker values with results shown graphically, limiting attempts 
to collate raw data, and subsequent meta-analyses. To overcome 
this, standards for publication, as well as methods, and a collabo- 
rative approach to methodological and data sharing are required. 
Use of sputum inflammatory biomarkers in clinical trials 

To determine the suitability of sputum biomarkers for any clin- 
ical trial, evidence of their physiological relevance, responsive- 
ness to planned intervention and reproducibility over the intended 
timeline must be assessed [ 4 , 8 , 10 , 18 , 87 ]. From the included stud- 
ies, biomarker measurement is frequently a secondary outcome, 

with, in addition to the specific biomarker of interest, multiple 
biomarkers measured in an exploratory fashion without a spe- 
cific hypothesis. This “scatter gun” approach of measuring multi- 
ple biomarkers generates large volumes of data, obscuring valid 
signals and limiting assessment of validity and reliability. This is 
counter-productive to establishing optimal biomarkers for future 
clinical trial use. Whilst evidence of therapeutic responsiveness ex- 
ists, the necessary specificity to determine which biomarker is an 
optimal measure of response to a specific intervention, in a spe- 
cific population, is lacking. To advance biomarker research, a more 
targeted approach in larger studies is required. Whilst NE, TNF- α, 
IL-8 and IL-1 β , could be currently considered for wider use, this 
may relate to historical and publication bias, with further valida- 
tion, especially around reliability still necessary. Other biomarkers 
including IL-6, calprotectin (which demonstrates prolonged stabil- 
ity), HMGB-1 and YKL-40 demonstrate potential utility, but lack of 
reliable data, variable study design and methodological challenges 
hamper their current usage. They should be included in new stud- 
ies to speed translation into wider use. 
Future studies 

Future studies comparing the stability and trajectory of 
biomarkers in clearly defined populations are urgently needed. The 
challenges of sputum expectoration in the era of CFTR modulators 
also require careful assessment. Large population-based studies re- 
flective of the heterogeneity of the CF population are necessary to 
establish intervention mechanisms, inter and intra-patient variabil- 
ity, temporal variation, reproducibility and reliability. Targeting of 
biomarker research is required, with study design based on phys- 
iological relevance and specificity of biomarker to planned inter- 
vention in the study population. Reflecting the approach taken in 
the US, large population-based biomarker studies should be estab- 
lished to produce evidence of validity and reliability, with consid- 
eration given to the creation of local, regional or national biobanks 
to support this [55] . 

Such studies could establish standardised practice, provide evi- 
dence of convergent validity with clinical outcomes and may mit- 
igate publication bias. This should enable the identification of dis- 
criminative biomarker patterns across the spectrum of CF disease, 
target therapy appropriately and risk-stratify individuals [18] . Such 
knowledge may be applicable well beyond the remit of CF to other 
pro-inflammatory lung disease, including Bronchiectasis or COPD, 
for example, a recent bronchiectasis study successfully demon- 
strated a reduction in neutrophil serine protease activity with the 
enzyme inhibitor Brensocatib [141] . For such studies to be success- 
ful, an international collective effort to investigate, optimise and 
standardise the methodology of sputum biomarker measurement 
would be beneficial. 
Conclusion 

Sputum biomarkers hold promise as a direct measure of in- 
flammation within the CF lung. To optimise sputum biomarker 
use in clinical trials, and ultimately CF care, a harmonised effort 
across the CF community is needed to address biomarker trial 
design, applicability throughout disease trajectory, establish large 
population-based studies, and work together to create standards 
for collection, storage and analysis of sputum biomarkers. 
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