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ABSTRACT

Background: Mucus is known to play a pathogenic role in muco-obstructive lung diseases, but little is
known about the determinants of mucus rheology. The purpose of this study is to determine which
sputum components influence sputum rheology in patients with muco-obstructive lung diseases.
Methods: We performed a cross sectional prospective cohort study. Spontaneous sputum was collected
from consecutive patients with muco-obstructive lung diseases. Sputum rheology was assessed using the
Rheomuco® rheometer (Rheonova, Grenoble); the elastic modulus G/, viscous modulus G”, and the
critical stress threshold oc were recorded. Key quantitative and qualitative biological sputum compo-
nents were determined by cytology, nucleic acid amplification tests and mass spectrometry.

Results: 48 patients were included from January to August 2019. Among them, 10 had asthma, 14 COPD
and 24 non-CF bronchiectasis (NCFB). The critical stress threshold oc predicted a sputum eosinophilia
superior to 1.25% with 89.19% accuracy (AUC = 0.8762). G’ and G” are positively correlated with MUC5AC
protein concentration ((rho = 0.361; P =.013) and (rho = 0.335; P =.021), respectively). cc was positively
correlated with sputum eosinophilia (rho = 0.394; P =.012), MUC5B (rho = 0.552; P < .001) and total
protein (rho = 0.490; P < .001) concentrations. G’ and G” were significantly higher in asthma patients
(G’ = 14.49[7.18—25.26]Pa, G* = 3.0[2.16—5.38]Pa) compared to COPD (G’ = 5.01[2.94—6.48]Pa, P =.010;
G" = 1.45[1.16—1.94]Pa, P =.006) and to NCFB (G’ = 4.99[1.49—10.49]Pa, P = .003; G” = 1.46[0.71—2.47]
Pa, P =.002).

Conclusion: In muco-obstructive lung diseases, rheology predicts sputum eosinophilia and is correlated
with mucin concentrations, regardless of the underlying disease.

Clinical trial registration: (registrar, website, and registration number), where applicable NCT04081740.

1. Introduction
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Mucus plugging is known to play a critical, pathogenic role in
fatal asthma episodes [1], in the progression of COPD [2—4], and in
outcomes in non-cystic fibrosis bronchiectasis (NCFB) [5]. In the
clinical setting, chronic bronchitis is a frequent cause for concern
for patients and responsible for considerable handicap [6—11]. The
pathophysiology of this symptom is probably more complex than



the mere consequence of goblet cell hyperplasia alone, though
mucus hyperproduction is a key feature reported in most muco-
obstructive diseases [12—17].

Mucus covers the apical surface of the airway epithelium and
represents the first barrier with the environment. Produced by both
epithelial goblet cells and submucosal glands, mucus is composed
of 98% water and 2% protein. The latter components are mostly
composed of mucins (primarily MUC5AC and MUC5B [18]), which
confer a viscoelastic gel behavior [19].

Certain rheological properties of mucus, such as viscosity and
elasticity, may actively contribute towards airway plugging. The
amount of force required to initiate flow in a viscoelastic gel, i.e. the
critical stress threshold, is also a key rheology parameter. Surpris-
ingly, the biological components determining these properties
remain largely unclear and debated. Recently, Rubin et al. demon-
strated that mucus rheology was a better predictor of antibiotic
treatment success in cystic fibrosis exacerbations of bronchiectasis
when compared to classic bacteriology and antibiograms from
respiratory samples [20]. In addition, Patarin et a. showed that
sputum rheology might be a useful marker for discriminating be-
tween different types of chronic airway diseases [21], but no rela-
tionship with sputum content has been established to explain these
observations. The ratio of mucins MUC5AC/MUC5B in mucus seems
to be one important factor [22], as well as eosinophils whose sur-
vival in mice has been shown to be favored in MUC5B-deficient
sputum through lesser interactions with Siglec-F (Sialic acid-
binding, immunoglobulin-like lectin) that normally induces eo-
sinophils apoptosis [23].

In the present study, we aimed to assess the contribution of
eosinophil and mucin content to mucus rheology from patients
with asthma, COPD and NCFB.

2. Methods
2.1. Patients

All consecutive patients attending the outpatient clinic in the
Respiratory Diseases Department of the Montpellier University
Hospitals (Montpellier, France) who met eligibility criteria were
prospectively enrolled between September and December 2019.
Adults aged 18 or more with a confirmed diagnosis of asthma,
COPD or NCFB according to international guidelines [24—26]
were eligible if they were able to spontaneously produce sputum.

2.2. Sputum analysis

A spontaneous unselected sputum sample was collected for
each individual patient. All samples were rigorously processed
following the same procedure as previously described [21].
Within 2 h of collection, rheology parameters were measured,
and then cytology assessments were performed (see following
paragraphs). The sputum supernatant was subsequently frozen
and stored at —80 °C. In parallel, a part of the sample was sent to
routine bacterial direct examination and culture. The sputum
flow chart is described in the supplementary appendix (e-Fig. 1).

2.3. Rheology

Rheology was assessed on 720 pl of one fresh sputum sample, as
previously published by Patarin et al. [21] Briefly, after gentle vor-
texing at low velocity for 1 min, rheometric analysis was performed
using the Rheomuco® rheometer (Rheonova, Grenoble, France) at
37 °C with an oscillatory frequency of 1 Hz and an increasing strain.

Measurements of the elastic modulus (G’; Pa), the viscous modulus
(G”; Pa) in the visco-elastic linear domain and the critical stress
threshold (oc) were obtained.

2.4. Cytology

Preliminary data suggested that total cellular counts or cyto-
logical classification were not affected by prior rheological analysis
(e-Table 1). Subsequently, the sputum was treated with dithio-
threitol (DTT) according to standard procedures [27]. The sample
quality was then assessed (as squamous cells are an indicator of
saliva content/contamination, a squamous cell count <20% of total
cell count was required). Sputum samples were classified according
to conventionally recognized categories [28]. Briefly, sputum
samples with normal neutrophil (<61%) and eosinophil (<1.9%)
counts were considered as paucigranulocytic. Sputum samples
with normal neutrophil counts and raised eosinophil counts (>2%)
were considered as eosinophilic, and sputum samples with raised
neutrophil counts (>61%) and normal eosinophil counts were
considered as neutrophilic. Finally, those samples with both raised
neutrophil and eosinophil counts were considered as mixed gran-
ulocytic. Supernatants were then stored at —80 °C for further
assessment.

2.5. Total DNA, protein and mucin concentrations, protein
identification and a-amylase activity

Frozen supernatants from sputum samples were thawed at
room temperature. DNA was extracted (QIAamp DNA Micro Kit)
and then quantified with spectrophotometry (NanoDroponeC).
Total protein concentration was assessed using colorimetry (RC DC
kit (BIO-RAD®)) at 690 nm. Tandem mass spectrometry (Multiple
Reaction Monitoring) was performed to quantify both MUC5AC and
MUCS5B protein concentrations according to previously described
techniques, using the LC-MRM method [29]. Peptide sequences
were selected according to previous reports [29]. Because Pseudo-
monas sp. can cleave mucins and thus impair their detection [30],
we screened and identified peptide sequences at both the N- and C-
terminal parts of MUC5B and MUC5AC. Protein identification was
performed by high resolution mass spectrometry (HRMS) on Data-
Dependent Acquisition. The entire detailed protocol is described in
the supplementary material. a-amylase activity was measured us-
ing a colorimetric assay (Abcam® ab102523) at 405 nm every other
minute during 1 h (TECAN Infinite® 200 PRO) as a second quality
check to assess salivary contamination.

2.6. Ethics

This study was approved by the local Institutional Review Board
(CHU de Montpellier RECHMPL19_0430, #2019_IRB-MTP_09—10)
and registered on Clinicaltrials.gov (NCT04081740). In accordance
with French regulations for observational studies, verbal consent
was required and patients could participate as long as they were
correctly informed and did not oppose the data analysis.

2.7. Statistics

Descriptive statistics are provided as medians followed by their
interquartile ranges for quantitative variables, and as numbers (%)
for qualitative variables. Pairwise comparisons between groups
were performed using false discovery rate (FDR)-corrected Con-
over's tests or Fisher's exact tests. Multivariable, stepwise regres-
sion was then performed to explain sputum rheology parameters



Patients attending a consultation in the
respiratory diseases department from
2 September 2019 to 30 December 2019:

n=528

480 patients were excluded:

- 317 had no diagnosis of asthma, COPD or
non-CF bronchiectasis

- 121 did not consent

- 32 were already enrolled in interventional
studies

Assessed for eligibility:
n=58

Patients excluded from analysis because of
inability to produce sputum:

n=10

Patients included:

n=48

Fig. 1. The study flowchart.

Table 1

Population characteristics for the total population and each disease group (asthma, chronic obstructive pulmonary disease (COPD) and non-cystic fibrosis bronchiectasis
(NCFB). Sample sizes (N) and descriptive statistics (median (inter-quartile) for quantitative variables and number (%) for qualitative variables) are provided. P values indicate
false discovery rate (FDR) corrected, non-parametric Conover test results for pairwise comparisons (for quantitative variables), or FDR-corrected pairwise Fischer's tests (for
qualitative variables). P-values <.05 are indicated in bold.

N Total (N=48)  Asthma (N =10) COPD (N =14) NCFB (N = 24) P-values
Asthma vs Asthma vs COPD vs
CcoPD NCFB NCFB
Age (yr) 48 64 (51.25-71) 61 (50.25—-64) 67.5(58.75-69) 64 (34-71) 440 .750 440
Sex (% female) 48 25 (52.08%) 8 (80%) 4 (28.57%) 13 (54.17%) .108 251 251
BMI (kg/m?) 48 22.22(20.02 24.73 (21.56 21.38 (17.89 22.22 (20.02—25.05) .200 320 380
—25.62) —28.07) —23.93)
Smoking status (% ever smoker) 47 24 (51.06%) 4 (40%) 13 (92.86%) 7 (30.43%) 013 .692 <.001
Active (%) 24 6(25%) 2 (50%) 4(31%) 0 (0%) 999 120 .041
Mean pack-years 17 37 (20-50) 20 (9.5-35) 40 (38.5-52.5) 20 (8.75—35) 120 860 .100
Steady state vs exacerbation (% 48 25 (52.08%) 5 (50%) 5(35.71%) 15 (62.5%) .704 .704 .536
exacerbation)
Blood eosinophilia
cells/mm? in the prior week 35 210 (140—260) 230 (100—250) 210 (170—-230) 190 (160—310) 88 88 88
>300 cells/mm? in the prior year (%) 41 18 (43.9%) 5 (55.56%) 5(35.71%) 8 (44.44%) 532 532 999
Lung function
FEV1 (% predicted) 44 46.5 (33—73.5) 75 (57—78) 28 (22.75-33.25) 55.5 (40—79) < .001 140 <.001
FVC (% predicted) 42 75 (57.75—89.75) 89 (79—100) 72 (47-76) 72 (57-95) 042 085 320
FEV1/FVC ratio 42 0.59 (0.4—0.69) 0.58 (0.52—0.75) 0.33 (0.29—-0.42) 0.67 (0.59—0.7) .001 694 <.001
RV (% predicted) 28 168.5 (131.5 - 218.9 (188—301) 138.5 (103.75 - - <.001
—214.47) —153.75)
Comorbidities
Chronic rhinosinusitis (%) 45 25 (55.56%) 9 (90%) 1(9.09%) 15 (62.5%) .001 215 .006
with nasal polyps (%) 45 4 (8.7%) 4 (44.44%) 0 (0%) 0 (0%) .021 011 .999
Atopy® (%) 47 11 (23.4%) 6 (66.67%) 1(7.14%) 4 (16.67%) .015 .016 .633
GERD (treated for) (%) 48 18 (37.5%) 5 (50%) 5(35.71%) 8(33.33%) 999 999 999
Exacerbations
Number in past 12 months 46 2 (1-4) 2(1-3) 3(1-4) 2.0 (1.5-3.5) .900 .900 .900
>2 in past 12 months (%) 46 32 (69.57%) 6 (66.67%) 9 (64.29%) 17 (73.91%) 999 999 999
Prior hospitalization (%) 46 31 (67.39%) 6 (60%) 10 (76.92%) 15 (65.22%) .999 999 999
Prior ICU (%) 48 14 (29.17%) 3 (30%) 5 (35.71%) 6 (25%) 999 999 999
BMI = body mass index; CASA-Q = cough and sputum assessment questionnaire; FEV1 = forced expiratory volume in 1 s; FVC = forced vital capacity;
GERD = gastroesophageal reflux disease; ICU = intensive care unit; RV = residual volume.
¢ Atopy is defined as positive skin prick tests or specific IgE to one or more inhaled allergens.
(separate models for G/, G” and oc) as a function of sputum com- the smallest Akaike Information Criterion from among forward and

ponents. Data were scaled prior to modeling and the models with backward stepwise procedures were retained. To determine the



predictive capacity of rheology to predict sputum eosinophilia, we
constructed a Receiver Operating Characteristic curve to discrimi-
nate between high (>1.25%) and low (<1.25%) sputum eosinophilia.
The latter threshold (1.25%) was previously published by Hastie
et al. . and based on 827 patients from the SPIROMICS cohort [31].
The receiver operating curve and associated statistics (Youden's
threshold, area under the curve, accuracy, sensitivity and speci-
ficity) were computed for oc as a predictor of sputum eosinophil
percentage >1.25% via logistic regression. All computations were
performed using the R statistical programming environment [32].

3. Results
3.1. Study population

Fifty-eight patients were eligible for the study. Among them,
forty-eight patients were able to produce sputum and were
included from September to December 2019 (Fig. 1). Ten patients
were included in the asthma group, fourteen in the COPD group and
twenty-four in the NCFB group, and the associated descriptive
statistics are provided in Table 1. The median annual number of
exacerbations in the previous year was 2 [interquartile range: 1—4]
without significant differences between groups. Median FEV1 (%
predicted) was significantly lower in the COPD group (FEV1 = 28%
[22.75—33.25]) compared to the asthma group (FEV1 = 75%
[57-78](P < .001)) and the NCFB group (FEV1 = 55.5%
[40—79](P < .001)). Among patients with data for complete blood
counts sampled in the past week (n = 35), median blood eosinophil
cocnentration was 210 cells/mm? [140—260] and 43.9% of them had
>300 eosinophils/mm? within the past year. Smoking history was
significantly more reported in the COPD (93%) than in the asthma
(40%) and the NCFB (30%) groups. All patients with asthma and
NCFB reported chronic bronchitis, whereas only 64% of patients
with COPD did. Twenty-five patients (52%) were hospitalized for a
severe acute exacerbation at inclusion, with no significant differ-
ences between groups (Table 1).

3.2. Rheology

The elastic and the viscous moduli were significantly higher in
the asthma group (G’ = 14.49 [7.18—25.26] Pa, G* = 3 [2.16—5.38]
Pa) versus the COPD group (G’ = 5.01 [2.94-6.48]; G* = 145
[1.16—1.94] Pa) and versus the NCFB group (G’ = 4.99 [1.49—10.49]
and G” = 146 [0.71-2.47] Pa) (Fig. 2a et 2b). No significant
between-group differences were observed for critical yield stress
oc (Fig. 2c). Descriptive statistics are also listed in the supple-
mentary material (e-Table 2). No significant differences were found
between sputum samples collected at steady state in comparison
with sputum collected during an exacerbation (e-Fig. 2).

3.3. Sputum components

Descriptive statistics for sputum components are presented in
Table 2. Total cellular count was higher in the NCFB group than in
the asthma and COPD groups (respectively 3.66 [1.95—6.92] versus
1.25 [0.82—2.17] (P = .025) and 0.42 [0.1-1.05](P < .001)), with a
predominance of neutrophils in all three groups (median percent-
age of sputum neutrophils = 89.62% [82.75—93.75]). Sputum
eosinophil percentages were higher in the asthma group (1.02
[0—2.62]%) compared to the COPD (0.25 [0—3.12]%) and the NCFB (0
[0—0.25]%) groups, although differences were not significant
(Table 2).

Greater concentrations of DNA were found in the NCFB group
(916.4 [386.28—1293] ng/ul), with significant differences in com-
parison to the asthma (104.75 [21.85—419.22]; P < .001) and COPD

group (30.1 [17.1-161.48] ng/ul; P < .001). MUC5B concentrations
were significantly higher in both the COPD and asthma groups
(respectively 90.55 [57.85—132.82] fmol/pl) and 79.75 [53.28—98.4]
fmol/ul) than in the NCFB group (44.6 [26.8—66.7] fmol/ul, P =.006
and P =.027). Asthma and COPD patients exhibited higher MUC5AC
concentrations (respectively 62.25 [22.95 to 171.7] fmol/ul and 41.3
[40.4 to 91.8] fmol/ul) than patients in the non-CF bronchiectasis
group (35.7 [26.85 to 55.45] fmol/ul) (Table 2). Proteomic analysis
showed differential patterns among groups: in COPD and asthma
samples, MUC5B and MUC5AC proteins were identified in the top
10 of the protein list, whereas in the NCFB samples, MUC5AB and
MUC5AC proteins were identified, but in lower amounts (e-Table 3).

3.4. Relating sputum components to rheology

Spearman's correlation tests confirm that G’ and G” are posi-
tively correlated with MUC5AC protein concentration
((rho=0.361; P=.013) and (rho = 0.335; P =.021), respectively). oc
was positively correlated with sputum eosinophilia (rho = 0.394;
P =.012), MUC5B (rho = 0.552; P < .001) and Protein (rho = 0.490;
P < .001) concentrations.

Multiple regression analyses demonstrate that protein content
is a highly significant positive determinant of all three rheological
parameters, along with MUC5AC (Table 3). MUC5B and the per-
centage eosinophils also have significant, positive contributions to
oc. The percentage neutrophils, on the other hand, is significantly
associated with decreasing G’ and G” (and near-significantly so for
oc). Similarly, the percentage squamous cells is also negatively
correlated with oc. Finally, there is a tendency for DNA to be
negatively associated with G” (Table 3).

According to logistic regression, oc predicted sputum eosino-
philia superior to 1.25% (f = 0.0218 + .0090, P = .015;
intercept = —2.60 + 0.7296, P < .001); the associated receiver
operating curve is presented in Fig. 3 and determined 89.19% ac-
curacy (85.71% sensitivity, 93.33% specificity). The area under the
curve (AUC) was 0.8762.

4. Discussion

In this study, we provide evidence for the first time that: i)
simple sputum rheology at the bedside can be confidently related
to sputum cytological and mucin content; ii) the viscoelastic
properties of sputum are mostly driven by protein and mucin
(MUCS5AC in particular) content as compared to other tested com-
ponents; (iii) the critical stress threshold (oc) at which sputum is
forced to flow like a fluid (rather than aggregating more like a solid)
is further determined by MUC5B and sputum eosinophilia; (iv) oc is
predictive of a sputum eosinophilia superior to 1.25% (the latter
being a cut-off associated with a more severe COPD phenotype)
[31].

In this study, multivariate models evidenced for the first time
what was intuitively known but never previously demonstrated at
the bedside: the main determinant of the viscoelastic properties of
sputum are the mucins, and in particular, MUC5AC, whose con-
centrations have been rigorously assessed with mass spectrometry.
This may have therapeutic implications in itself, but we feel that
future research should also delve deeper into the specificities of
each underlying condition. In particular, we demonstrated that the
relative “rheological weight” of mucins in NCFB seems less impor-
tant than in other conditions, likely due to the involvement of in-
flammatory cells and in particular eosinophils. In contrast to what
has been previously published [21], patients with asthma have the
highest elastic and viscous moduli here, compared to patients with
COPD. This could be explained by the higher severity of asthmatic
subjects in our study in comparison with the ones in the article by
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Patarin et al..
1 As concerns rheology-targeting treatments, one should keep in
mind that MUC5AC and MUC5B are highly complex glycoproteins
and the promoter of their related encoding genes is a carrier of a
very high number and variety of regulation sites [33]. Targeting
MUC5AC for treatment is complex and most previous attempts
have failed to achieve this aim [34]. Perhaps the EXPEDITION trial
assessing the effect of Dupilumab on airway inflammation in pa-
tients with asthma could give us some answers (NCT02573233).
° P In vivo and in vitro, very few molecules are able to reduce the
viscoelastic behavior of sputum [35,36]. However, other sputum
) components may be targeted. For example, DNase was successfully
marketed in cystic fibrosis [37]. Similarly targeting eosinophils in
. sputum should be achievable via monoclonal antibodies (mAbs)
. . such as anti-Interleukine 5/5R or Anti-Interleukine 4R/13R, though
. the impacts of the latter on sputum content are currently under-
* reported. From our observations, we may also reasonably hypoth-
0 esize that the presence of eosinophil-derived elements such as
Charcot-Leyden crystals or Eosinophil Extra-cellular Traps (EETs)
[38,39] could be involved. As a consequence, targeting Charcot-
Leyden Crystals with Galectin 10 antibodies could be an option
[40]. Another option would be to change cell fate during epithelial
P= .002 differentiation in order to prevent goblet cell hyperplasia; this
[ - 006 | could be successfully achieved by Notch pathway interference via
,—L| anti-Jagged antibodies [41—43].
10.0- . Upcoming trials include the “COPD CARhE” study (Chronic
Airway Disease, Mucus Rheology and Exacerbations: a Randomized
Controlled Trial of COPD Patients, NCT04339270), which will
juxtapose symptom-based versus rheology-based azithromycin
strategies. Indeed, azithromycin has been shown to reduce exac-
erbations in asthma, COPD, and NCFB [44—46]. Our hypothesis is
° that this treatment success could be due to the mucus modifying
properties of this macrolide [47,48]. Rheology, which is correlated
to the mucin content of mucus, could thus objectively guide the
prescription of this antibiotic.

One of our main findings is the accuracy of the critical stress oc
for predicting sputum eosinophilia superior to 1.25%. This
biomarker might be a promising non-invasive decision-making tool
in the care pathway. Indeed, sputum eosinophilia has been shown
to be closely related to COPD severity in terms of future exacer-
bations [31], to be a reliable biomarker of reduction of exacerba-
tions correlated with CT mucus scores in patients with moderate to
severe asthma [49] and may identify a subgroup of patients in NCFB
who could benefit from a biologic “anti-T2” therapy [50,51]. As a
reflection of airway eosinophilia, rheology could thus help the
physician to rapidly phenotype their patients, appreciate their
L adherence to anti-inflammatory therapies or identify patients re-

fractory to their latest biologic treatment.

Due to its pragmatic design, the main limitation of this study is
150 1 . that a significant proportion of patients (10 over 58) were not able
to produce spontaneous sputum and were excluded. Although this
p might represent a lack of power for pairwise group comparisons,
the good predictive value of sputum eosinophilia by rheology
100 1 would not have been affected by this issue. The quality criteria for
sputum samples could be another limitation and an obstacle to
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Fig. 2. Boxplots demonstrating the distributions of (A) the elastic modulus (G’; Pa), (B)
the viscous modulus (G*; Pa) and (C) the critical stress threshold (oc; Pa) for three
disease groups (asthma in red, chronic obstructive pulmonary disease (COPD) in green
and non-cystic fibrosis bronchiectasis (NCFB) in blue). Medians, interquartile intervals,
and ranges are indicated by horizontal lines, boxes and whiskers, respectively. P values
indicate non-parametric Conover tests for pairwise comparisons that remain signifi-
cant after a false discovery rate correction. (For interpretation of the references to color
in this figure legend, the reader is referred to the Web version of this article.)




Table 2

Sputum components for the total population and each disease group (asthma, chronic obstructive pulmonary disease (COPD) and non-cystic fibrosis bronchiectasis (NCFB).
Sample sizes (N) and descriptive statistics (median (inter-quartile) for quantitative variables and number (%) for qualitative variables) are provided. P values indicate false
discovery rate (FDR) corrected, non-parametric Conover test results for pairwise comparisons (for quantitative variables), or FDR-corrected pairwise Fischer's tests (for
qualitative variables). P-values <.05 are indicated in bold.

Total (n = 48) Asthma (n = 10) COPD (n = 14) NCFB (n = 24) P-values
Asthma vs Asthma vs COPD vs
COPD NCFB NCFB
Cell counts
Total cellular count ( x 10%/ 1.56 (0.71—4.01) 1.25 (0.82—2.17) 0.42 (0.1-1.05) 3.66 (1.95-6.92) 034 025 < .001
g)
Neutrophil count ( x 105/g) 1.93 (0.85—4.05) 1.14 (0.54—1.86) 0.84 (0.59-0.97) 3.20.99 (1.77-6.75) .522 .016 .004
Eosinophil count ( x 10%/g) 0.06 (0-2.61) 0.99 (0—2.21) 0.32 (0—3.26) 0(0-1.78) .920 .790 .790
Cell percentages
Sputum neutrophilia (%) 89.62 (82.75—93.75) 85 (77.94—88.74) 81.5(73.12—-92.38) 92 (89.06—96.1) 945 043 .043
Sputum eosinophilia (%)  0.12 (0—0.56) 1.02 (0-2.62) 0.25 (0-3.12) 0 (0—0.25) 750 400 400
Squamous cells (%) 1.25 (0.25—7.88) 1.25 (0.75—2.75) 50.38 (2.25—90) 0.38 (0-2.12) .100 174 < .001
Classifications
Neutrophilic (%) 29 (63.04%) 4 (44.44%) 4 (30.77%) 21 (87.5%) 662 .030 .002
Eosinophilic (%) 0(0%) 0(0%) 0(0%) 0(0%)
Mixed granulocytic (%) 6 (13.04%) 2 (22.22%) 3(23.08) 1(4.17%) 999 261 261
Paucigranulocytic (%) 2 (4.35%) 1(11.11%) 0(0%) 1(4.17%) 716 716 999
Squamous (%) 9 (19.57%) 2(22.22%) 6 (46.15) 1(4.17%) 380 261 .013
DNA and proteins
DNA (ng/uL) 317.95 (31.62—836.8) 104.75 (21.85—419.22) 30.1(17.1-161.48) 916.4 (386.28—1293) .249 < .001 <.001
Proteins (mg/mL) 20.36 (11.96—30.71) 18.04 (14.6—30.22) 20.71 (10.62—23.75)  23.57 (11.96—35.72) .660 .660 .660
MUC5AC (fmol/uL) 40.75 (26.3—82.1) 62.25 (22.95-171.7) 41.3 (40.4-91.8) 35.7 (26.85—55.45)  .958 <.001 < .001
MUC5B (fmol/uL) 64(32.75—89.05) 79.75 (53.28—98.4) 90.55 (57.85—132.82) 44.6 (26.8—66.7) 677 027 .006
a-amylase activity (mU/mL) 842.96 (462.8 1904.76 (685.12 804.59 (290.96 810.46 (524.12 770 770 .770
—2601.27) —2639.77) —3794.99) —1845.5)
Table 3
Multivariable regression results for explaining sputum rheology parameters (G’, G” 1.001
and oc) as a function of sputum components. Only the best models minimizing the
Akaike Information Criterion are presented (from among forward and backward
stepwise procedures). Standardized coefficients and associated standard errors are —
presented so as to facilitate coefficient comparisons. P-values in bold indicate var- _2‘
iables with significant contributions to a model. S .
- - = 0757 M
Variable Standardized P-value 2] | (v
[ au
Coefficient Standard error (%
Model 1: Variables predicting the elastic modulus (G’ in Pa) of sputum samples ~
Adjusted 2 = .8791; P < .001 Qo
o © 0.501
Proteins (mg/mL) .3829 .0587 <.001 ol
MUC5AC (fmol/pL) 6439 0886 < .001 g
Sputum neutrophilia (%) —.2504 .0958 .014 =
Sputum eosinophilia (%) .0939 .0604 130 ‘O
Squamous cells (%) —.1450 .0715 .051 8_ Youden's threshold = 0.2873
Model 2: Variables predicting the viscous modulus (G” in Pa) of sputum o 0.251 AUC =0.8762
: 2 _ . >S5
samplesAdjusted r* = .7513; P <.001 I: Accuracy = 89.19%
Proteins (mg/mL) .6561 .1108 <.001 Sensitivity =8571%
DNA (ng/uL) —.2375 1197 056 szl ”
MUC5AC (fmol/uL) 3768 1279 006 Specificity = 93.33%
Sputum neutrophilia (%) —.3242 1372 .024 0.004 *
Squamous cells (%) —.2047 .1047 .059 . T r T T
Model 3: Variables predicting the critical stress threshold (oc in Pa) of sputum 0.00 0.25 . 0.50 0'7‘_5 L 1.00
samples Adjusted 1> = .8058; P < .001 False positive rate (1-Specificity)
Proteins (mg/mL) 3611 .0754 <.001
MUCS5AC (fmol/uL) 2555 1125 030 Fig. 3. The receiver operation characteristic (ROC) curve for the prediction of high
MUC5B (fmol/uL) 2517 0937 011 versus low sputum eosinophilia using the critical stress threshold (oc in Pa) as a
Sputum neutrophilia (%) 2281 1251 078 predictor in logistic regression. The grey circle indicates Youden's best threshold.
Sputum eosinophilia (%) .3484 .0862 .000
Squamous cells (%) -.2339 .0907 015

a measure of a-amylase activity to exclude salivary contamination
as previously published [29]. Contamination was observed, was
routine use. In our study, we used a classic quality standard for ~ modest, and importantly, was equally distributed amongst the
sputum (a squamous cell count <20% of total cell count) and added strata, indicating it did not bias our results, which is consistent with



previous reports [21].

At last, one could object to the absence of a control group.
Patarin et al. have previously reported data about the performance
of rheology to discriminate between patients with muco-
obstructive lung diseases and healthy subjects [21]. As a conse-
quence, it would not have been ethical to perform further pro-
cedures in this category of patients. Moreover, the aim of our study
was to assess the performance of rheology to predict sputum
content.

4.1. Interpretation

Sputum rheology is driven primarily by mucins and eosinophils
in asthma, COPD and NCFB, and accurately predicts sputum
eosinophilia. Given the recent technological advances rendering
on-site rheology quite feasible in the clinic, rheology-based diag-
nosis and therapeutic strategies can now be tested.
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BMI = body mass index
CASA-Q = cough and sputum assessment questionnaire;

COPD = chronic obstructive pulmonary disease
FDR = false discovery rate

FEV1 =  forced expiratory volume in 1 s

FVC = forced vital capacity

GERD = gastroesophageal reflux disease

ICU = intensive care unit

MUC5AC = Mucin 5AC
MUC5B = Mucin 5B

NCFB =  non-cystic fibrosis bronchiectasis
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