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Summary
Background We previously described the contributions of increased total airway mucin concentrations to the 
pathogenesis and diagnosis of the chronic bronchitic component of chronic obstructive pulmonary disease (COPD). 
Here, we investigated the relative contribution of each of the major airway gel-forming mucins, MUC5AC and 
MUC5B, to the initiation, progression, and early diagnosis of airways disease in COPD.

Methods SPIROMICS was a multicentre, observational study in patients aged 40–80 years recruited from six clinical sites 
and additional subsites in the USA. In this analysis, MUC5AC and MUC5B were quantitated by stable isotope-labelled 
mass spectrometry in induced sputum samples from healthy never-smokers, ever-smokers at risk for COPD, and ever-
smokers with COPD. Participants were extensively characterised using results from questionnaires, such as the COPD 
assessment test (CAT) and St George’s Respiratory Questionnaire; quantitative CT, such as residual volume/total lung 
capacity ratio (RV/TLC) and parametric response mapping-functional small airway disease (PRM-fSAD); and pulmonary 
function tests, such as FEV1, forced vital capacity (FVC), and forced expiratory flow, midexpiratory phase (FEF25–75%). 
Absolute concentrations of both MUC5AC and MUC5B were related to cross-sectional (baseline, initial visit) and 3-year 
follow-up longitudinal data, including lung function, small airways obstruction, prospective acute exacerbations, and 
smoking status as primary outcomes. This study is registered with ClinicalTrials.gov (NCT01969344).

Findings This analysis included 331 participants (mean age 63 years [SEM 9·40]), of whom 40 were healthy never-
smokers, 90 were at-risk ever-smokers, and 201 were ever-smokers with COPD. Increased MUC5AC concentrations 
were more reliably associated with manifestations of COPD than were MUC5B concentrations, including decreased 
FEV1 and FEF25–75%, and increased prospective exacerbation frequency, RV/TLC, PRM-fSAD, and COPD assessment 
scores. MUC5AC concentrations were more reactive to cigarette smoke exposure than were MUC5B concentrations. 
Longitudinal data from 3-year follow-up visits generated a multivariate-adjusted odds ratio for two or more 
exacerbations of 1·24 (95% CI 1·04–1·47, p=0·015) for individuals with high baseline MUC5AC concentration. 
Increased MUC5AC, but not MUC5B, concentration at baseline was a significant predictor of FEV1, FEV1/FVC, 
FEF25–75%, and CAT score decline during the 3-year follow-up. Moreover, current smokers in the at-risk group showed 
raised MUC5AC concentrations at initial visits and decreased lung function over 3 years. By contrast, former smokers 
in the at-risk group showed normal MUC5AC concentrations at the initial visit and preserved lung function over 
3 years.

Interpretation These data indicate that increased MUC5AC concentration in the airways might contribute to COPD 
initiation, progression, exacerbation risk, and overall pathogenesis. Compared with MUC5B, greater relative changes 
in MUC5AC concentrations were observed as a function of COPD severity, and MUC5AC concentration seems to be 
an objective biomarker to detect disease in at-risk and pre-COPD individuals. These data suggest that MUC5AC-
producing pathways could be potential targets for future therapeutic strategies. Thus, MUC5AC could be a novel 
biomarker for COPD prognosis and for testing the efficacy of therapeutic agents.

Funding National Institutes of Health; National Heart, Lung, and Blood Institute.

Copyright © 2021 Elsevier Ltd. All rights reserved.

Introduction
Chronic obstructive pulmonary disease (COPD) is a 
complex disease, characterised by bronchitic and 
emphysematous components. COPD is typically caused 
by inhaled environmental insults, most commonly 
chronic cigarette smoke exposure. In response to the 

more than 5000 compounds inhaled as part of cigarette 
smoke exposure, abnormalities in mucin production 
and secretion, oxidative stress, and inflammation are 
manifest in the COPD lung.1

The Subpopulations and Intermediate Outcome 
Measures in COPD Study (SPIROMICS) is a multicentre, 

https://www.spiromics.org/spiromics/
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observational study designed to identify subgroups 
of COPD patients for targeted enrolment in future 
therapeutic clinical trials and to determine intermediate 
endpoint discovery and validation.2 SPIROMICS 1 
included approximately 2770 participants, with a mean 
age of 63 years, consisting of 205 never-smokers, 
920 ever-smokers at risk for COPD, and 1645 patients 
with COPD (from mild to severe). Patients with very 
severe COPD were excluded.

The Global Initiative for Chronic Obstructive Lung 
Disease (GOLD) defines COPD severity on the basis 
of decrements in lung function measurement by 
spirometry. Outside the classic GOLD classification, ever-
smokers (current and former smokers) who have 
preserved lung function (FEV1 >90%), but symptoms of 
chronic cough and sputum production,3 are now referred 
to as an at-risk group (formerly defined as GOLD stage 0). 
The term pre-COPD has been proposed to define the at-
risk population.2 Intense interest has focused on this 
earliest stage of COPD4,5 in an effort to better predict 
risks and rates of progression from this state to more 
severe disease. However, it has been difficult to predict 
which smoker at-risk or pre-COPD individuals will 
progress to more severe disease because of the absence 
of an understanding of disease-causing pathways and 
relevant biomarkers. Although FEV1 and FEV1/forced 
vital capacity (FVC) are currently used to define the 
stages of COPD, spirometry alone is not sufficiently 

sensitive to identify early disease and predict which 
individuals will progress from an at-risk and pre-COPD 
status to COPD. Therefore, it is essential to identify 
markers that sensitively and specifically track the 
pathogenesis of muco-obstructive lung disease.

Symptoms related to abnormal mucus are diagnostic of 
at-risk individuals and persist in patients with COPD 
GOLD stages 1–4. Recent data suggest that an abnormal 
(raised) concentration of mucus is required to produce 
the intrapulmonary mucus accumulation that results in 
the symptoms associated with sputum production.6–8 
However, the role of mucus composition in symptom and 
sputum production is less well known. Two gel-forming 
mucins dominate airway mucus, MUC5AC and MUC5B. 
In health, MUC5B is the major gel-forming mucin in the 
lung7 and is required for mucociliary clearance.9 By 
contrast, MUC5AC is the minor mucin in the healthy 
lung and does not seem to be required for mechanical 
clearance of mucus from the lung.9 However, MUC5AC 
seems to be responsive to several environmental stresses 
or infectious agents.10 Data suggest that MUC5AC 
concentrations increase disproportionately in muco-
obstructive diseases considered to be MUC5B dominated 
(eg, non-cystic fibrosis bronchiectasis, cystic fibrosis).11,12 
Our previous chronic bronchitis study also suggested that 
sputum MUC5AC concentrations were low in the healthy 
baseline condition, but increased disproportionately, 
compared with MUC5B concentrations, in COPD.7 On 

Research in context

Evidence before this study
We searched PubMed using the terms “COPD”, “mucin”, 
“cigarette smoking”, “exacerbation”, or “small airways” for 
articles published up until Jan 1, 2021, with no publication date 
or language restrictions. We found no studies that measured 
absolute sputum concentrations of MUC5AC and MUC5B 
mucins in large sample sizes or correlated specific mucin 
concentrations with large cohort clinical data including 
questionnaires, quantitative CT, and pulmonary function tests, 
either cross-sectionally or longitudinally. Only a single study, 
our previous publication from the SPIROMICS cohort, reported 
a limited dataset (148 participants) on MUC5AC and MUC5B 
concentrations in chronic obstructive pulmonary disease 
(COPD); this previous analysis did not examine associations 
between MUC5AC or MUC5B concentrations and COPD, chronic 
bronchitis severity and assessment scores, smoking status and 
duration, small airways patency, and longitudinal lung function 
data or prospective exacerbations.

Added value of this study
To our knowledge, this is the first human clinical study to report 
associations between concentrations of the specific MUC5AC 
and MUC5B mucins with cross-sectional and 3-year 
longitudinal clinical data from smokers at risk for COPD and 
patients with COPD. Compared with healthy never-smokers, 

at-risk and COPD groups showed increased MUC5AC 
concentrations that were closely associated with decreased FEV1 
and forced mid-expiratory flow (FEF25–75%); increased residual 
volume/total lung capacity ratio and parametric response 
mapping-functional small airway disease; worsened COPD 
assessment test scores; and increased prospective exacerbation 
frequencies, wheezing, and cough. Our prospective analyses 
showed that current smokers in the at-risk group had raised 
MUC5AC concentrations at initial visits that were associated 
with decreased lung function over 3 years. By contrast, former 
smokers in the at-risk group had normal initial visit MUC5AC 
concentrations and preserved lung function over 3 years.

Implications of all the available evidence
These results suggest that MUC5AC hyperconcentration in the 
airways might represent an important pathobiological element 
of COPD initiation and progression. MUC5AC shows a greater 
dynamic range than MUC5B in response to cigarette smoke 
exposure and was more strongly associated with COPD 
phenotypes. Importantly, MUC5AC concentration might 
provide a novel, disease-associated biomarker to detect 
individuals at risk of progression to COPD. Finally, our results 
may guide selection of novel targets and biomarkers for the 
development of future COPD therapies.

https://www.spiromics.org/spiromics/
https://www.spiromics.org/spiromics/
https://www.spiromics.org/spiromics/
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the basis of our previous and ongoing studies, we 
hypothesise that mucin MUC5AC hyperconcentration in 
the airways is an important pathobiological component of 
COPD initiation and progression and MUC5AC is the 
more sensitive mucin to early airway damage induced by 
cigarette smoke. We therefore propose that MUC5AC 
concentration could be an early and sensitive biomarker 
for at-risk smokers for development of COPD.

To test this hypothesis, the relative sensitivities of 
MUC5B and MUC5AC and their ratio to cigarette 
smoking status and history, symptoms, and disease 
progression and severity of COPD were assessed in a 
large cohort of SPIROMICS participants with longitudinal 
data. Special emphasis was placed on characterisation 
of novel biomarkers to identify the at-risk and 
pre-COPD individuals who progress to chronic airway 
obstruction.

Methods 
Study design and participants 
SPIROMICS is a multicentre, observational study done 
at six clinical sites and additional subsites in the USA.13 
The study recruited 2981 participants, classified into 
four different strata based on smoking status, FEV1, and 
FEV1/FVC ratio. All participants were 40–80 years of 
age with body-mass index (BMI) of less than 40 kg/m² 
at baseline. Other exclusion criteria were history of 
diseases or treatments likely to interfere with interpre
tation of pulmonary function testing, hypersensitivity 
to salbutamol, ipratropium bromide, or propellants or 
excipients of the inhalers used in study assessments, 
non-COPD obstructive lung disease, and a current 
diagnosis of asthma.13 The study included one baseline 
visit (visit 1) and three annual in-person follow-up 
visits (visits 2–4). Induced sputum was collected from 
participants at the baseline visit.13

All protocols were reviewed and approved by 
institutional review boards in each participating site. All 
participants provided written informed consent before 
any procedures and understood the study goals. 
SPIROMICS patient recruitment and baseline clinic 
examinations were done between Nov 3, 2010, and 
July 31, 2015, and mucin concentrations were measured 
between Feb 13, 2014, and July 10, 2018. All forms and 
protocols are available on the SPIROMICS website.

Additional information for study design, size, settings, 
participants, quantitative variables, clinical definitions, 
methods, and statistical details are given in the 
appendix (pp 3–7).

Procedures 
The ever-smoker SPIROMICS population includes both 
current and former smokers, with at least a 20-pack per year 
smoking history. Participants were categorised by disease 
severity, according to GOLD status, into five different 
groups: (1) healthy never-smokers; (2) at-risk (ever-smokers, 
at risk for COPD, FEV1/FVC ≥0·70, FEV1 ≥80%); (3) GOLD 

stage 1 (ever-smokers, mild COPD, FEV1/FVC ≤0·70, 
FEV1 ≥80%); (4) GOLD stage 2 (ever-smokers, moderate 
COPD, FEV1/FVC ≤0·70, FEV1 50–80%); and (5) GOLD 
stage 3 (ever-smokers, severe COPD, FEV1/FVC ≤0·70, 
FEV1 30–50%). For the longitudinal study cohort, 
lung function changes (FEV1, FVC, FEV1/FVC, COPD 
assessment test [CAT] scores) over three follow-up visits 
were related to baseline MUC5AC concentrations and 
analysed, comparing healthy and at-risk groups (current 
and former smokers without COPD).

The validity of sputum MUC5AC and MUC5B 
concentrations, and their ratios, and the usefulness of 
their concentrations as a risk indicator in the at-risk 
group were also explored in a 34-participant, single-site 
(University of North Carolina at Chapel Hill, NC, USA) 
independent cohort. Sputum collection and mucin 
measurements were identical to SPIROMICS 
procedures.

Sample preparation and data acquisition 
Sputum was induced by inhalation of hypertonic saline 
solution in participants with predicted FEV1 higher than 
35% according to the SPIROMICS protocol7,13,14 and 
American Thoracic Society and European Respiratory 
Society standards.15 Collected sputum was diluted into 
guanidine hydrochloride 6 M and stored at 4°C until 
further analysis.

Sputum samples (100 µL) were prepared via the filter 
aided sample preparation method.16 Briefly, samples were 
reduced by adding dithiothreitol and alkylated 
with iodoacetamide (Sigma, Saint Louis, MO, USA). 
Samples were washed twice with 50 mM ammonium 
hydrogen carbonate and modified trypsin (0·5 μg, 
proteomics grade, Sigma, Saint Louis, MO) was added for 
digestion and incubated for 18 h at 37°C. The peptides 
were concentrated by a vacuum centrifuge system and 
then dissolved in 30 µL of 0·1% formic acid water. The 
internal standard was prepared by pooling four heavy 
isotope internal standard peptides for each mucin to a 
final concentration of 500 fmol/µL. 2 µL of the internal 
standard were added and mixed with 8 µL of each sample. 
The targeted selected ion monitoring-data independent 
acquisition (tSIM-DIA) assay was performed with a 
Dionex Ultimate 3000 RSLCnano system coupled to a 
hybrid quadrupole orbitrap mass spectrometer with a 
Nano spray source (Q-Exactive, Thermo Fisher, Bremen, 
Germany). For peptide delivery and separation, 1 µL of the 
sample was loaded into an Acclaim PepMap RSLC, 
75 µm × 15 cm, nanoViper C18 2 µm 100 Å column 
(Thermo Fisher Scientific, Waltham, MA, USA). The liq
uid chromatography–mass spectrometry run was 30 min 
long. For mass spectrometry, peptides were analysed by 
a targeted method combining a tSIM scan method with 
a time-scheduled duplexed DIA method. Data were 
acquired at a resolution of 70 000 at m/z 200, target 
automatic gain control value of 5e5, maximum fill times 
of 200 ms, a multiplex degree of 6 with an isolation width 

For forms and protocols see 
https://www2.cscc.unc.edu/
spiromics/forms-current?field_
form_visit_tid%5B%5D=9041

See Online for appendix
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of 3 m/z. Fragmentation was performed with a normalised 
collision energy of 27.

Data processing 
All raw files obtained from tSIM-DIA analyses of sputum 
digest samples were processed by Skyline (MacCross Lab, 
version 20.1). For each peptide, the ratio between the 
corresponding endogenous and internal standard peak 
areas of each precursor (mass spectrometry) and top 
three highest intensity product ions (tandem mass 
spectrometry) were calculated. Ratios from three peptides 
were averaged and MUC5B and MUC5AC concentrations 
were calculated.

Outcomes 
Our primary outcomes were absolute mucin subtype; 
MUC5AC and MUC5B concentrations (main predictors: 
COPD, smoking); spirometry lung function measures, 
including FEV1, FVC, and forced expiratory flow 
midexpiratory phase (FEF25–75%); CT-based small airway (as 

the earliest sites of airway obstruction) metrics, including 
residual volume/total lung volume ratio (RV/TLC) and 
parametric response mapping-functional small airway 
disease (PRM-fSAD); prospective acute exacerbations 
over 3 years; and effects of smoking status in participants 
at risk for COPD. Our secondary outcomes were smoking 
pack history, questionnaire-based CAT and St George’s 
Respiratory Questionnaire (SGRQ) scores, prospective 
exacerbations requiring hospital admission in 1 year, 
and eosinophilic or neutrophilic inflammation markers. 
For all outcomes apart from mucins, mucins were 
the primary predictors. Our covariates for multivariate 
analyses were age, sex, race, ethnicity, BMI, chronic 
bronchitis, emphysema, asthma, and current smoking. 
Gastro-oesophageal reflux disease was included as a 
covariate when mucins were an outcome.

Statistical analysis 
Mucin concentrations and their ratios were log10-
transformed for analysis. Smoking status was defined 
as current, former, or never, based on self-report. 
Associations with variables were assessed using linear 
regression and ANOVA. Multiple comparisons were 
adjusted using the Tukey-Kramer approach, apart from 
the association with GOLD stage of COPD 
severity, where comparisons were made with healthy 
controls only and were adjusted using Dunnett’s 
method. Additionally, because of the large variability of 
the data and low linear associations, participants 
were divided into terciles of MUC5AC and MUC5B 
concentrations for analysis where indicated to identify 
trends in the association between variables (MUC5AC: 
low <8·94 pmol/mL, mid 8·94–51·93 pmol/mL, high 
>51·93 pmol/mL; MUC5B: low <95·82 pmol/mL, 
mid 95·82–219·22 pmol/mL, high >219·22 pmol/mL; 
MUC5AC/MUC5B: low <0·071 pmol/mL, mid 
0·071–0·28 pmol/mL, high >0·28 pmol/mL). Since 
terciles of mucins were considered ordinal variables, we 
did tests for linear trend analyses using GraphPad 
Prism version 8.4.3. For tercile analyses, linear analysis 
was also done as sensitivity analyses and presented in 
the appendix (pp 9, 11). Data are presented as bar 
graphs. For some analyses, scatter plots are also 
presented in the appendix (pp 8, 9, 12–15, and 17). 
Longitudinal data were analysed with repeated models, 
using visit as the repeated factor. Missing data were 
considered as random. All statistical analyses were 
performed in SAS version 6.4. All tests were two-sided 
with a significance level of α=0·05. Results are reported 
as mean (SEM).

SPIROMICS is registered with ClinicalTrials.gov 
(NCT01969344).

Role of the funding source 
The funder of the study had no role in study design, data 
collection, data analysis, data interpretation, or writing of 
the report.Figure 1: Participant flow diagram

2981 participants recruited to SPIROMICS

2424 underwent sputum induction procedure

1783 sputum samples collected

1011 samples analysed for total mucin 
 concentrations by differential refractometer

557 excluded
282 not eligible for sputum induction due

to low pulmonary function
275 did not complete sputum induction

641 excluded (no sputum produced)

772 collected to obtain cell count

94 excluded from analysis
82 removed due to data consent issues and

missing sputum data
12 removed due to instrument reading

below detector limit set by manufacturer

586 used in label-free discovery proteomics
study and mucin macromolecular
characterisation study

917 samples used in total mucin study7

331 samples included in analysis
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Results 
Of 2981 participants recruited to SPIROMICS, 
1011 produced an induced sputum sample at the baseline 
visit for mucin analysis. 917 sputum samples were used in 
the previous total mucin concentration study,7 of which 
331 were included in this analysis (figure 1). 40 participants 
were healthy never-smokers, 90 were ever-smokers at risk 
with no COPD, and 201 were ever-smokers with COPD. 
Mean age was 63 years (SEM 9·40). Characteristics of the 
331 participants are shown in the table. This cohort was 
representative of both the SPIROMICS cohort13 and the 
total mucin concentration study cohort.7 Median follow-up 
was 371 days (IQR 364–384) at visit 2, 738 days (729–774) at 
visit 3, and 1122 days (1097–1175) at visit 4.

In healthy never-smokers, MUC5B was the dominant 
mucin (127 pmol/mL [SEM 16]), with mean concentration 
about eight times higher than that for MUC5AC 
(16 pmol/mL [4]; figure 2A, B; appendix p 8). The 
MUC5AC/MUB5B ratio was 0·14 (SEM 0·03; figure 2C). 
Compared with healthy never-smokers, mean MUC5AC 
concentration in participants with COPD was about six 
times higher (97 pmol/mL [SEM 18]), mean MUC5B 
concentration was about two times higher (257 pmol/mL 
[31]), and the MUC5AC/MUC5B ratio was higher at 
0·6 pmol/mL (0·1; figure 2A–C). Multivariate analyses 
indicated that MUC5AC concentration, MUC5B 
concentration, and the MUC5AC/MUC5B ratio were 
affected by smoking status (p<0·0001, p=0·038, and 
p=0·0002, respectively) and COPD status, but not by age, 
sex, BMI, chronic bronchitis, emphysema, and asthma 
status (appendix p 10).

The greatest relative increases in both MUC5AC and 
MUC5B concentrations compared with healthy never-
smokers were seen in the at-risk group, while their 
relative change between at-risk versus COPD groups 
were only slightly elevated (figure 2A, B). Sputum 
MUC5AC and MUC5B concentrations were also 
measured in a single-site, 34-participant cohort of people 
who had never smoked versus current smokers without 
COPD. Mean concentrations of both MUC5AC and 
MUC5B in never-smokers and at-risk current smokers of 
the independent cohort were comparable to those in the 
full study cohort (appendix p 9).

Associations between MUC5AC and MUC5B 
concentrations and lung function were tested after 
MUC5AC and MUC5B concentrations were divided into 
terciles (figure 2D–I). The analyses indicated that 
participants in the MUC5AC high tercile group showed 
significantly lower mean FEV1 (percentage predicted 
71·09% [SEM 2·2]) compared with participants in 
the MUC5AC low (81·59% [2·7], p=0·008) and mid 
(79·94% [1·9], p=0·017) tercile groups (figure 2D). 
Similarly, participants in the MUC5AC high tercile 
group showed significantly lower mean FEV1/FVC 
(77·05 [SEM 1·8]) compared with participants in the 
MUC5AC low (85·74 [2·1], p=0·0018) and mid (83·87 
[1·6], p=0·013) tercile groups (figure 2G). No significant 
associations were detected comparing the MUC5B 
terciles with FEV1 percentage predicted or FEV1/FVC 
(figure 2E, H; appendix p 9). The association between 
MUC5AC concentration and FEV1 percentage predicted 
remained significant (p=0·0031) in multivariate 

Healthy never-
smokers 
(n=40)

At risk 
(n=90)

GOLD stage 1 
(n=59)

GOLD stage 2 
(n=70)

GOLD stage 3 
(n=72)

Total 
(n=331)

Total mucin study7 
(n=917)

Entire SPIROMICS 
cohort 
(n=2978*)

Age (years) 58·7 (9·94) 60·3 (10·23) 65·3 (8·43) 63·8 (8·33) 66·5 (7·63) 63·1 (9·40) 63·1 (9·40) 63·0 (9·30)

Sex

Men 21 (52·5%) 42 (46·7%) 40 (67·8%) 43 (61·4%) 39 (54·2%) 185 (55·9%) 533 (58·1%) 1578 (53·0%)

Women 19 (47·5%) 48 (53·3%) 19 (32·2%) 27 (38·6%) 33 (45·8%) 146 (44·1%) 384 (41·9%) 1400 (47·0%)

Current smokers 0 52 (57·8%) 28 (47·5%) 32 (45·7%) 23 (31·9%) 135 (40·8%) 374 (40·8%) 1094 (36·7%)

Emphysema 5 (12·5%) 12 (13·3%) 17 (28·8%) 24 (34·3%) 54 (75·0%) 112 (33·8%) 259 (28·2%) 1030 (34·6%)

Chronic bronchitis 3 (7·5%) 19 (21·1%) 13 (22·0%) 29 (41·4%) 20 (27·8%) 84 (25·4%) 201 (21·9%) 587 (19·7%)

Chronic bronchitis and 
emphysema

1 (2·5%) 4 (4·4%) 4 (6·8%) 11 (15·7%) 17 (23·6%) 37 (11·2%) 66 (7·2%) 239 (8·0%)

Current asthma 0 10 (11·1%) 8 (13·6%) 12 (17·1%) 7 (9·7%) 37 (11·2%) 113 (12·3%) 576 (19·3%)

FEV1 (%) 101·10% (1·93) 96·94% (1·48) 90·02% (1·27) 65·74% (1·10) 43·46% (0·47) 77·74% (1·34) 81·20% (0·71) 74·96% (0·49)

FVC (%) 96·97% (1·60) 96·10% (1·51) 108·60% (1·83) 89·23% (1·34) 80·55% (1·78) 93·44% (0·89) 95·31% (0·51) 91·75% (0·33)

FEV1/FVC (%) 103·92% (0·86) 100·73% (0·68) 83·28% (0·98) 74·02% (1·25) 55·49% (1·27) 82·34% (1·09) 84·77% (0·57) 79·99% (0·39)

CAT score, median (IQR)† 2·00 (5·00) 10·00 (11·00) 10·50 (12·00) 15·50 (13·75) 15·00 (9·50) 11·00 (13·00) 11·00 (13·00) 13·00 (13·00)

SGRQ score, median 
(IQR)‡

5·29 (4·85) 20·69 (30·29) 25·77 (30·20) 36·09 (30·77) 39·06 (20·91) 27·83 (30·78) 26·37 (29·55) 29·80 (33·89)

Data are mean (SEM) or n (%), unless otherwise stated. Participants were categorised by disease severity, according to GOLD status, into five different groups (see Methods section for details). More information 
for the table variables can be found in the appendix (p 3). CAT=COPD assessment test. COPD=chronic obstructive pulmonary disease. FVC=forced vital capacity. GOLD=Global Initiative for Chronic Obstructive 
Lung Disease. SGRQ=St George’s Respiratory Questionnaire. *The core database does not have information for three participants in the total cohort. †CAT score ranges from 0 to 40, with higher scores denoting 
a more severe impact of COPD on a patient’s life. ‡SGRQ score ranges from 0 to 100, with higher scores indicating more limitations.

Table: Study population characteristics
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analyses, after age, sex, BMI, race, ethnicity, chronic 
bronchitis, and percentage emphysema were included 
as covariates. The association also remained significant 
after correcting for smoking (p=0·041) and asthma 
status (p=0·049) in the analyses (appendix p 10). Trend 
analyses indicated that the slope between MUC5AC 
terciles and FEV1 and FEV1/FVC was –4·955 (SE –1·609, 
p=0·0022) and –3·547 (–1·440, p=0·014), respectively 
(appendix p 11).

Measures of peripheral airway obstruction (ie, FEF25–75%, 
RV/TLC, and PRM-fSAD) were compared with MUC5AC 
and MUC5B concentrations using ANOVA and Tukey-
Kramer tests for terciles analysis and the test of 
trend analyses (figure 3, appendix p 11). Tercile analyses 
showed that FEF25–75% was inversely related to MUC5AC 
concentration (low vs high tercile p=0·0014, mid vs 
high tercile p=0·0056) but not MUC5B concentration 

(low vs high tercile p=0·44, mid vs high tercile p>0·99; 
figure 3A, B). Analyses of MUC5AC and MUC5B 
concentrations and CT measures of peripheral airway 
structure showed that increased MUC5AC, but not 
MUC5B, concentrations were associated with increased 
RV/TLC (low vs high tercile p=0·0003; figure 3D, E). 
The correlations between MUC5AC concentration and 
FEF25–75% and RV/TLC remained significant when age, 
sex, race, chronic bronchitis, percentage emphysema, 
smoking status, and current asthma were included in 
ANOVA models (p=0·001 and p=0·049, respectively). The 
test of trend analyses indicated that the slope between 
MUC5AC terciles and FEF25–75%, RV/TLC, and PRM-fSAD 
was –14·03 (SE –3·32, p<0·0001), 0·04 (0·01, p=0·0001), 
and 2·61 (1·10, p=0·019), respectively (appendix p 11).

Mean MUC5AC, but not MUC5B, concentration 
was higher in participants who had exacerbations than 

Figure 2: Individual mucin concentrations and COPD severity, and the association between lung function and mucin subtypes and their ratio
(A–C) Absolute mean concentrations of MUC5B and MUC5AC, and their ratio, in never-smoker controls, ever-smokers without evidence of COPD by spirometry 
(at-risk; formerly known as GOLD stage 0), and ever-smokers with mild (GOLD1), moderate (GOLD2), and severe (GOLD3) COPD. (D–F) Mean FEV1 percentage 
predicted in tercile groups of MUC5AC concentration, MUC5B concentration, and MUC5AC/MUC5B ratio. (G–I) Mean FEV1/FVC in tercile groups of MUC5AC 
concentration, MUC5B concentration, and MUC5AC/MUC5B ratio. Error bars represent SEM. Sample size for each group is shown in the middle of the bar. 
COPD=chronic obstructive pulmonary disease. FVC=forced vital capacity. GOLD=Global Initiative for Chronic Obstructive Lung Disease. *p≤0·01. †p≤0·005. ‡p≤0·001. 
§p≤0·05.
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in those without exacerbations (≥2 exacerbations, 
90·6 pmol/mL [SEM 20·1], p=0·0089; >0 to <2 exacer
bations, 86·2 pmol/mL [31·6]; and 0 exacerbations, 
47·7 pmol/mL [9·4]) during the 3-year follow-up period 
(figure 3G, H; appendix p 12). MUC5AC/MUC5B 
ratios were also higher in participants who had two 
or more exacerbations (0·60 [SEM 0·20], p=0·0078) 
compared with participants who had no exacerbations 
(0·29 [0·07]) during the 3-year follow-up period (figure 3I). 
In individuals with high baseline MUC5AC concentration, 
the multivariable-adjusted odds ratio for having two 
or more exacerbations was 1·24 (95% CI 1·04–1·47; 
p=0·015) in the 3 years of follow-up (appendix p 12). 
Similar data were observed for MUC5AC concentration 
and exacerbations requiring hospital admission 

(p=0·0033; appendix p 12). Exacerbation frequencies were 
not different as a function of MUC5B concentration, nor 
did MUC5B concentration predict future exacerbations 
(0·82, 95% CI 0·61–1·10; p=0·18; appendix p 12).

Associations between MUC5AC and MUC5B concen
trations and CAT and SGRQ scores were investigated 
using terciles (figure 4). CAT scores were significantly 
associated with MUC5AC concentration (p=0·0002) and 
MUC5AC/MUC5B ratio (p=0·0005), but not MUC5B 
concentration (figure 4A–C). Mean CAT scores were 
higher in the MUC5AC mid (12·89 [SEM 0·69], 
p=0·02) and high (14·93 [0·87], p=0·0001) tercile groups 
compared with the low tercile group (9·77 [0·77]). 
Similarly, MUC5AC concentration (p=0·013) and 
MUC5AC/MUC5B ratio (p=0·0032), but not MUC5B 

Figure 3: Association between individual mucin concentrations and small airway patency and total future exacerbations
Mean FEF25–75% predicted (A–C) and mean RV/TLC (D–F) in tercile groups of MUC5AC concentration, MUC5B concentration, and MUC5AC/MUC5B ratio. 
(G–I) Association between individual mucin concentrations and total future exacerbations (in all participants who completed 3-year follow-up visits). Panels G and H 
show mean MUC5AC and MUC5B concentrations and the prospective yearly total exacerbation rates (calculted by dividing the number of total exacerbations by 
follow-up time expressed in days multiplying by 365) from enrolment until the end of the study (until 3-year follow-up or death). Total exacerbations shown as zero 
exacerbations in next 3 years (92 participants), more than zero but fewer than two exacerbations (30 participants), and two or more exacerbations (44 participants). 
The multivariate adjusted odd ratios to predict future exacerbations is shown in the appendix (p 12). Error bars represent SEM. Sample size for each group is shown in 
the middle of the bar. FEF25–75%=forced expiratory flow, midexpiratory phase. RV/TLC=residual volume/total lung volume ratio. *p≤0·01. †p≤0·001. ‡p≤0·05. §p≤0·005.
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concentration (p=0·27), were associated with overall 
SGRQ scores (figure 4D–F). The test of linear trend 
analyses indicated that the slope between MUC5AC 
terciles and CAT scores was 2·56 (SE 0·59, p<0·0001), 
and for MUC5AC/MUC5B the slope was 2·42 (0·60, 
p<0·0001; appendix p 11). Specific symptoms related to 
chronic bronchitis captured in the SGRQ instrument 
(ie, cough and phlegm) are reported in the appendix (p 13).

Because MUC5AC is associated with type 2 
(eosinophilic) asthma,17,18 we explored relations between 
MUC5AC concentration and asthma biomarkers 
(appendix p 14). MUC5AC tercile analysis indicated that 
sputum MUC5AC concentrations were not closely 
associated with blood or sputum eosinophil counts or 
percentages, or blood IgE concentrations. However, 
increased MUC5AC concentrations and MUC5AC/
MUC5B ratios were associated with increased blood and 
sputum neutrophil counts (appendix p 14).

Associations between MUC5AC and MUC5B concen
trations and smoking pack history were tested by dividing 
the cigarette pack-year variable into terciles (appendix p 15). 
Notably, mean MUC5AC concentration was significantly 
higher in the lowest tercile group than in never-smokers 
(p=0·020), a difference strengthened by increments of 
concentration in the mid and upper tercile groups 
(p<0·0001; appendix pp 15–16). Increased MUC5B 
concentrations versus never-smokers were associated 
with the mid and upper pack-year categories (p=0·0065 
and p=0·020, respectively; appendix p 15–16).

Participants in the at-risk group (ever-smokers with no 
COPD) who had quit smoking had lower mean MUC5AC 
concentration (21·2 pmol/mL [SEM 4·4]) than current 
smokers in the at-risk group (87·8 pmol/mL [25·5], 
p=0·0088), with concentrations very similar to 
the healthy never-smokers group (15·7 pmol/mL [4·1]; 
figure 5A, appendix p 17). Similarly, mean MUC5B 
concentration in at-risk participants who had quit 
smoking was lower (190·6 pmol/mL [SEM 16·4]) than 
that in at-risk participants who were current smokers 
(235·5 pmol/mL [42·4]), but this difference was not 
significant (figure 5B). In participants with COPD 
(GOLD stages 1–3), mean MUC5AC concentration in 
former smokers was also significantly lower 
(53·3 pmol/mL [SEM 9·0]) than the mean concentration 
in current smokers (119·0 pmol/mL [17·5], p=0·0002; 
figure 5A, appendix p 17). However, MUC5AC 
concentrations in participants with COPD who had quit 
smoking remained significantly elevated (p=0·0054) 
compared with healthy never-smokers (appendix p 17). 
Smoking cessation had lesser effects on MUC5B 
concentrations in the at-risk and COPD groups 
(figure 5B). Using smoking status (former vs current) 
with active years of smoking as a covariate, MUC5AC 
concentration and MUC5AC/MUC5B ratio were 
significantly associated with both smoking status 
(p=0·0004 and p=0·012, respectively) and active years of 
smoking (p=0·0007 and p=0·0012, respectively), whereas 
MUC5B concentration was significantly associated with 

Figure 4: Associations between mucin concentrations and assessment scores
Mean CAT scores (A–C) and mean SGRQ scores (D–F) in tercile groups of MUC5AC concentration, MUC5B concentration, and MUC5AC/MUC5B ratio. MUC5AC 
concentration (D; p=0·013) and MUC5AC/MUC5B ratio (F; p=0·0032), but not MUC5B concentration (E; p=0·094), were associated with overall SGRQ scores. CAT score 
ranges from 0 to 40, with higher scores denoting a more severe impact of COPD on a patient’s life. SGRQ score ranges from 0 to 100, with higher scores indicating 
more limitations. Error bars represent SEM. Sample size for each group is shown in the middle of the bar. CAT=COPD assessment test. COPD=chronic obstructive 
pulmonary disease. SGRQ=St George’s Respiratory Questionnaire. *p≤0·05. †p≤0·005. ‡p≤0·01.
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smoking status only (p=0·031). The effect of smoking 
cessation as a function of smoking intensity is shown in 
the appendix (p 17).

A more detailed examination of participants in the 
at-risk group with respect to mucin concentrations, and 
smoking status, COPD assessment, and lung function is 
summarised in the appendix (p 18). Compared with 
at-risk former smokers, at-risk current smokers showed 
higher MUC5AC concentrations, MUC5AC/MUC5B 
ratios, and CAT scores, but similar FEV1 values. Cough 
and phlegm scores within the CAT were also markedly 
reduced in at-risk former smokers compared with 
current smokers (appendix p 18). The rank order of fold 
differences for at-risk current smokers versus at-risk 
former smokers was MUC5AC (4×), MUC5AC/MUC5B 
ratio (2×), CAT cough and sputum (1·5×), and total CAT 
score (1·2×).

Relations between baseline visit mucin concentrations, 
smoking status, measures of airway obstruction, and 
CAT scores were sought for the three subsequent yearly 
visits for never-smokers and participants at risk for 
COPD. Never-smokers had normal mucin concentrations 
and showed persistently normal pulmonary functions 
and CAT scores during this observational interval 
(appendix p 18). At the baseline visit, mean FEV1 
percentage predicted values for at-risk current smokers 
and at-risk former smokers were almost identical to 
those for healthy never-smokers (98·47% [SEM 3·1] and 
98·44% [4·0] vs 101·31% [2·6]; 17 at-risk current smokers, 
17 at-risk former smokers, and 24 never-smokers 
completed all four visits). However, at-risk current 
smokers, with elevated MUC5AC concentrations at the 
baseline visit, showed a progressive decline in lung 
function (FEV1) during visits 2 to 4 (visit 2, p=0·044; 
visit 3, p=0·033; visit 4, p=0·0030; figure 5C, appendix 
pp 18–19). By contrast, at-risk former smokers, with 
baseline MUC5AC concentrations not different from 
those in healthy never-smokers, had preserved lung 
function over the following four visits but unimproved 
CAT scores (appendix p 18). Using the 3-year longitudinal 
data, statistical models indicated that baseline MUC5AC 
concentration is a significant predictor for longitudinal 
outcomes such as FEV1 (p=0·010), FEV1/FVC (p=0·013), 
FEF25–75% (p=0·0005), and CAT score decline (p<0·0001), 
but not FVC (p=0·14), during the 3-year follow-up 
(appendix p 19). MUC5B concentration was not 
significantly associated with these longitudinal data.

Because of the observed associations between total mucin 
concentrations in sputum and bronchitis symptoms, 
spirometry, and exacerbation frequency manifestations of 
COPD, we explored the sensitivity and specificity of 
MUC5AC and MUC5B concentrations as stage-specific 
markers for COPD. By use of data from healthy never-
smokers versus ever-smokers (current and former) with 
airflow-obstruction (COPD), the MUC5AC concentration 
area under the receiver-operating-characteristic (ROC) 
curve (AUC) was 0·74 (95% CI 0·66–0·81; figure 6). 

MUC5B concentration AUC for never-smokers versus ever-
smokers, regardless of COPD status, was 0·66 (95% CI 
0·57–0·75; figure 6). The AUC for MUC5AC concentration 

Figure 5: Effect of smoking cessation on individual mucin concentrations 
and prospective lung function over follow-up visits
(A–B) Effect of smoking status (former smoker vs current smoker) on MUC5AC 
and MUC5B concentration in at-risk ever-smokers and patients with COPD 
(GOLD stage 1–3). Data are means and error bars represent SEM. Sample size for 
each group is shown in the middle of the bar. (C) Comparison of lung function 
longitudinally over four visits. Comparison of mean FEV1 percentage predicted in 
healthy never-smokers, at-risk former smokers, and at-risk current smokers 
from enrolment until the end of the study (until 3-year follow-up). Error bars 
represent SEM. COPD=chronic obstructive pulmonary disease. GOLD=Global 
Initiative for Chronic Obstructive Lung Disease. *p≤0·05. †p≤0·01. ‡p≤0·005. 
§p≤0·001.
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in ever-smokers, regardless of COPD status, compared 
with never-smokers in the mucin analysis cohort was 0·80 
(95% CI 0·73–0·87, appendix p 20). Sputum MUC5AC 
concentration in participants in the independent cohort (at-
risk current smokers and healthy never-smokers) yielded 
an AUC of 0·82 (95% CI 0·68–0·96) as a risk indicator 
whereas MUC5B concentration yielded an AUC of 0·62 
(0·43–0·81; appendix p 20).

To assess the repeatability (precision) of the MUC5AC 
and MUC5B measurements, five replicates from a single 
sputum sample were prepared individually and analysed 
by mass spectrometry. The coefficient of variation of the 
measurements was 15·81% for MUC5AC and 9·14% for 
MUC5B (appendix p 20). These values are within the 
international acceptable range (<20%) of liquid chroma
tography with tandem mass spectrometry-based protein 
measurements.19

Discussion 
We have previously shown that increased total mucin 
concentrations in sputum were associated with COPD 
exacerbation frequencies and disease severity as indexed 
by spirometry7 and with small airway obstruction20 the 
likely site of initiation of COPD.1,21 Here, distinct from 
our previous studies and by use of cross-sectional and 
longitudinal clinical data, the primary goal of this 
SPIROMICS mucin substudy was to elucidate whether 
there were distinct contributions of MUC5AC versus 
MUC5B to the initiation, progression, and early diagnosis 
of COPD. Changes in MUC5AC, but not MUC5B, 
concentrations were significantly and inversely related to 

lung function. In part, the strength of these associations 
might reflect a greater dynamic range in changes 
in MUC5AC concentration in COPD compared with 
MUC5B. MUC5AC concentrations increased by approxi
mately six times in patients with COPD compared with 
healthy controls. Although the absolute changes in 
MUC5B concentrations associated with the key 
pathobiological stimulus (eg, smoking status and history) 
were greater than those for MUC5AC, MUC5B fold 
increases (about two times) were smaller than those 
for MUC5AC, reflecting the higher MUC5B basal 
concentrations.

The greater fold concentration changes in MUC5AC 
than MUC5B with COPD status raised two questions: 
first, are the two mucins differentially regulated in the 
context of cigarette smoking and COPD; and second, 
might each mucin have a unique contribution to 
COPD pathogenesis? With respect to the first question, 
robust datasets indicate that MUC5AC overexpression is 
closely associated with type 2 cytokine overproduction 
(eg, interleukin [IL]-13 and IL-4), and eosinophil 
concentrations in the context of type 2 inflammation in 
asthma.17,18 Importantly, type 2 cytokines also tend to 
depress MUC5B concentrations.17 Associations between 
MUC5AC and asthma biomarkers were tested in this 
study, and no significant correlations were found 
between MUC5AC concentration and serum or sputum 
eosinophil counts, or serum IgE concentrations. Instead, 
MUC5AC concentration was significantly associated 
with serum and sputum neutrophil concentrations and 
MUC5B concentration was increased in association with 
cigarette smoke exposure and COPD. These findings 
suggest that MUC5AC and MUC5B concentrations 
might be upregulated coordinately in COPD as reported 
for non-type-2 pathways (eg, IL-1β, IL-17, epidermal 
growth factor receptor, Toll-like receptor-mediated high-
mobility group box 1 pathways).22–25 The IL-1αβ and IL-1 
receptor pathways have been shown not only to 
upregulate MUC5AC and MUC5B but also to exert 
neutrophilic proinflammatory activities.26

The functional consequences of raised MUC5AC and 
MUC5B concentrations should be additive in the context 
of the mucin osmotic pressures that govern mucus 
transport rates (mucociliary clearance),7,27,28 because 
MUC5B concentrations dominated in all phases of 
COPD. Hence, MUC5B likely dominates the mucus 
osmotic pressure characteristics of COPD mucus. 
However, data have emerged from studies of IL-13-
induced MUC5AC in human bronchial epithelial 
cultures that MUC5AC may be more adhesive to airway 
cell surfaces than MUC5B.10 Whether these properties 
lead to increased mucus airway adhesion (eg, non-
coughable mucus, accumulation, and airflow obstruction 
in COPD) in the absence of T-helper-2 dominated 
regulation is not clear. The observed association between 
raised MUC5AC concentration and FEV1 decline (ie, 
airway obstruction, and slowing of in-vitro mucociliary 

Figure 6: ROC curves of mucin concentrations
MUC5AC and MUC5B ROC curves in participants with COPD (FEV1/FVC <0·7) 
compared with never-smokers. The AUC for MUC5AC in all smokers, with or 
without COPD, was 0·80 (95% CI 0·73–0·87) compared with never-smokers 
(appendix p 20). AUC=area under the ROC curve. COPD=chronic obstructive 
pulmonary disease. FVC=forced vital capacity. ROC=receiver-operating 
characteristic.
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clearance rates)10 supports the hypothesis that MUC5AC 
may contribute to COPD initiation and progression in 
addition to mucus accumulation or obstruction mediated 
via the total mucin concentration-dependent osmotic 
pressure.

Small airways are likely to be the earliest sites of airway 
obstruction in COPD4,21,29 and FEF25–75% (spirometry), 
RV/TLC (CT), and PRM-fSAD (CT) measurements seem 
to be sensitive in detecting small airways disease.30,31 
Hyperconcentrated total mucin concentrations have 
been shown to be associated with spirometry and CT 
measures of peripheral airways disease.20 A significant 
association was observed between MUC5AC concen
tration and multiple measures of small airways disease, 
including a spirometrically determined measure of 
peripheral airflow (ie, FEF25–75%), CT-defined RV/TLC, and 
PRM-fSAD measures. No significant correlations were 
observed between MUC5B concentration and small 
airway measures. It is not clear whether this discrepancy 
reflects a role for MUC5AC independent of MUC5B 
concentration in the initiation of mucus adhesion or 
obstruction in the small airways, or a lack of sensitivity of 
MUC5B concentrations due to the higher basal 
concentrations and, hence, smaller dynamic range. 
Regardless, because MUC5AC sensitivity correlated with 
small airways dysfunction, in addition to FEV1 decline, 
we speculate that MUC5AC could be a sensitive 
biomarker of COPD initiation and progression.

Increased frequencies of COPD exacerbations are 
closely related with more rapid and irreversible losses of 
lung function and mortality.32,33 Higher total mucin 
concentrations were closely associated with 1-year 
exacerbation frequency,7 but the association between 
individual mucins and COPD exacerbations was not 
previously investigated. In 3-year prospective exacer
bation data, we observed relations between MUC5AC, 
but not MUC5B, and prospective exacerbation 
frequencies. MUC5AC concentration was higher in 
participants who had two or more exacerbations during 
the 3 years after the initial visit than in participants who 
had no exacerbations. The multivariate adjusted odds 
ratio (1·24, 95% CI 1·04–1·47) for log MUC5AC 
concentration indicates, for each ten times increase 
of MUC5AC, the odds of having exacerbations are 
24% higher. Therefore, we can postulate that MUC5AC is 
a significant predictor of future exacerbations and could 
contribute to disease progression.

Because mucin concentrations are reactive to cigarette 
smoke inhalation,34–36 we investigated the relations 
between mucin concentrations and COPD pathogenesis 
and progression, with a focus on participants at risk 
for COPD. By definition, FEV1 and FEF25–75% values in 
at-risk smokers did not differ from those in healthy 
controls irrespective of smoking status. However, 
MUC5AC and, to a lesser relative extent, MUC5B, 
concentrations in at-risk smokers were significantly 
increased compared with healthy never-smokers. 

Importantly, mean MUC5AC concentration in at-risk 
former smokers was similar to that in never-smokers. By 
contrast, CAT and SGRQ scores were, by definition, 
raised in at-risk participants and remained on the 
threshold of a low impact level despite smoking cessation. 
These findings have two implications: first, only 
MUC5AC was sufficiently sensitive to detect early 
reversal of a bronchitic pathophysiology; and second, 
changes in CAT and SGRQ scores might reflect factors 
in addition to chronic bronchitis symptoms (cough and 
phlegm score).

To characterise the COPD at-risk population more 
comprehensively, associations between at-risk status, 
cigarette smoking, and MUC5AC concentration were 
investigated using 3-year longitudinal data. The lung 
function (ie, FEV1) of at-risk current smokers, with 
raised baseline visit MUC5AC concentrations, declined 
significantly over 4 years. By contrast, at-risk former 
smokers, with normal MUC5AC concentrations, did not 
show a decline in FEV1 over the same observational 
interval. Given the association between decreased lung 
function and increased MUC5AC concentration, we 
speculate that MUC5AC concentration could be a 
sensitive and objective biomarker linking smoking 
history to the early airway disease that progresses from 
an at-risk preserved lung function status to GOLD stage 1 
COPD with time. Importantly, the MUC5AC concen
tration versus smoking status data in the at-risk group 
suggest that smoking cessation before airway obstruction 
is detectable is a simple way to normalise MUC5AC 
concentration and to prevent loss of lung function in at-
risk individuals.

Previous studies that measured inflammation para
meters in COPD cohorts indicated that at a certain level 
of disease severity, inflammation persisted irrespective of 
smoking status.37,38 Within the COPD (GOLD stage 1–3) 
ever-smoker cohort, former smokers showed significantly 
reduced MUC5AC concentrations compared with 
current smokers. However, MUC5AC concentrations of 
the former smokers with COPD did not recover to 
normal levels and remained significantly higher than 
those for healthy never-smokers. Poor reversibility with 
smoking cessation was also observed with MUC5B 
concentration. These data suggest that persistent airflow 
restriction, inflammation, and persistent increase in 
mucin concentration might be linked.

Recent studies have focused on early stages of 
COPD2,4,5,39 and targeted individuals younger than 
50 years with a smoking history of less than ten pack-years 
and with no airflow obstruction. These at-risk individuals 
can be distinguished by symptoms.5 However, because 
of the poor validity of cigarette smoking and history, 
there is a need for an objective biological measure for 
this high-risk COPD group to predict risk and progression 
to established disease and to develop personalised 
interventions. Currently, there is no biological measure 
to predict which at-risk individuals will progress to more 
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severe disease because of the absence of well described 
disease-causing pathways and relevant biomarkers. 
Although FEV1 and FEV1/FVC are currently used to 
define the stages of COPD, spirometry is not sufficiently 
sensitive to identify early disease and predict which 
individuals will progress from being at risk for COPD. 
The associations between mucin subtypes, especially 
MUC5AC, and COPD parameters suggest the diagnostic 
utility of mucin subtypes as prognostic and quantitative 
biomarkers for COPD risk and progression. The ROC 
curves for MUC5AC concentration and current smokers 
with spirometrically diagnosed COPD versus controls 
yielded a good outcome (AUC 0·80). When ROC analyses 
were applied to ever-smokers with COPD versus never-
smokers in the full cohort, the AUC was fair (0·74), a 
better AUC value compared with MUC5B and total 
mucin concentrations. When an independent, one-site 
cohort was used and the ROC analysis applied to current 
smokers with no COPD versus never-smokers, the AUC 
was also good (0·82).

Like most large multicentre observational studies, 
there are limitations to our study. Although the mucin 
data are representative of the entire SPIROMICS cohort, 
we do not know how applicable our results will be to 
other large cohorts (eg, COPDGene and ECLIPSE). This 
limitation argues for collaborative studies in the future 
with standardised protocols for induced and spontaneous 
sputum collection. Sputum collection is challenging in a 
large cohort study. In SPIROMICS, induced sputum 
collection was standardised at all 12 clinical sites, but we 
anticipate that the induction protocol and collection 
might have varied qualitatively between sites, which 
could contribute to large variability of our data, added to 
the known individual variability of COPD.40 We have 
previously shown that a single-site replication cohort 
produced much tighter and less variable data compared 
with SPIROMICS multicentre data in terms of total 
mucin concentration data.7 In the current analysis, we 
compared multicentre MUC5AC and MUC5B data to a 
single-site independent cohort with never-smokers and 
current smokers. The results indicated that the mean 
values were comparable between the two different 
cohorts, but the AUC values were better in the single-site 
independent cohort. Another limitation of our data with 
respect to correlations of sputum concentrations and 
lung function longitudinally is the absence of longitudinal 
sputum data in SPIROMICS. However, this omission 
has been corrected in the ongoing SPIROMICS 2. Finally, 
although we present cross-sectional and longitudinal 
relations between MUC5AC concentration and airway 
abnormalities in this cohort, there is no clear way to 
determine causality between MUC5AC and airway 
abnormalities from these data. Such insight will require 
data from in-vitro and in-vivo models.

We propose that analyses of MUC5AC and MUC5B 
mucin subtype concentrations in respiratory samples 
(ie, induced or spontaneous sputum) could be widely 

applicable to future COPD studies including those 
focused on early COPD and pre-COPD. The use of 
standardised protocols for collection and processing of 
induced and spontaneous sputum will be important 
for such studies. Mucin subtype measurement may also 
be used as a biomarker to identify and predict the risk for 
chronic bronchitis or COPD, in individuals in need, and 
as an outcome measure or endpoint in clinical trials. 
Standardised validation efforts are ongoing, and the 
mass spectrometry methods are highly precise, sensitive, 
and accurate. Widespread adoption of the individual 
mucin biomarkers will require measurement at centres 
with suitable mass spectrometry capabilities, which are, 
indeed, available in most tertiary hospital or diagnostic 
centres.

In conclusion, the SPIROMICS data suggest that 
increased airway MUC5AC concentrations could have 
diagnostic and prognostic utility in COPD. The greater 
dynamic range of MUC5AC concentrations in response 
to cigarette smoke and chronic bronchitic symptoms 
compared with MUC5B suggests that MUC5AC could 
provide a novel and disease-associated biomarker to 
detect at-risk and pre-COPD individuals. Increased 
MUC5AC concentrations may also add an important 
pathobiological component to COPD initiation and 
progression over and above increased total mucin or 
MUC5B concentrations. These studies could guide 
detection of novel targets in the mucin-producing 
pathways and biomarkers to assist novel therapeutic 
approaches to COPD.
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