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Purpose: We recently introduced a sputum cell quality score to rate how cell morphology,
cellular debris and squamous cell contamination influence inflammatory cell identification
during microscopic evaluation. However, sputum cell quality is generally not considered for
the interpretation of sputum fluid phase biomarkers. Therefore, we compared the soluble
protein concentrations between sputum samples with different cell quality. The impact of cell
quality was compared to other factors potentially affecting soluble biomarker concentrations.
Methods: A comprehensive sputum dataset from 154 clinically stable COPD patients was
used to analyse the differences and the variability of sputum supernatant concentrations for
23 proteins between low, medium, and high sputum cell quality samples. A model was
developed and tested to compare the impact of different factors on sputum supernatant
protein levels.
Results: Mean percentages of sputum macrophages, neutrophils, eosinophils, monocytes
and lymphocytes showed no significant differences between low, medium and high cell
quality levels. The mean percentage of squamous cells were lower, while total cell count/mL
sputum and cell viability were significantly higher in sputum samples with higher cell
quality. The concentrations of Interleukin-6, Interleukin-8 and Tumor Necrosis Factor
Receptor 2 were significantly increased in sputum samples of higher cell quality. The
variability of most protein concentrations declined with increasing cell quality levels.
Sixteen proteins showed significantly negative correlations with the percentage of squamous
cells. For 14 proteins we observed a positive correlation with cell number/mL sputum.
Multiple regression analysis shows that generally less than 30% of the protein variability
can be explained by the included factors.
Conclusion: Sputum cell quality has a significant impact on some soluble biomarker
concentrations in sputum supernatant. Sputum samples with low sputum cell quality show
a higher variability of fluid phase proteins in comparison to medium and high sputum cell
quality levels.
Keywords: sputum cell quality score, soluble biomarkers, sputum supernatant
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Analysis of induced sputum is widely used to assess airway inflammation and
efficacy of anti-inflammatory substances.1,2 We have recently demonstrated that
excluding low-quality samples based on a sputum cell quality score reduces interevaluator variability of differential cell count results.3
The sputum fluid phase or supernatant contains soluble proteins, which can
provide important additional information and support the cellular analysis. Patients
with airway diseases like COPD show increased neutrophil concentrations in their
sputum, but also increased levels of inflammatory cytokines like Interleukin-8
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(IL8), Myeloperoxidase (MPO) and Neutrophil Elastase
(NE).4 The experimental challenge of healthy volunteers
with either ozone or LPS is capable to mimic these disease
related processes and induce both a neutrophilic inflam
matory response and increase inflammatory cytokines in
sputum supernatant.5,6 In asthma or allergic airway dis
eases were eosinophilic airway inflammation predomi
nates, sputum supernatant contains higher levels of
cytokines like Interleukin-4 or Interleukin-5.7 Therefore,
sputum supernatant proteins are considered as biomarkers
for airway inflammation or target engagement markers for
drug interventions.
The sputum supernatant concentration of inflammatory
proteins is determined by disease processes, but also by
other factors related to the cell quality of the available
sputum sample and the processing method. With the
recently introduced cell quality score some of these factors
can be estimated.3 Cell morphology, the amount of debris
and squamous cells reflect the quality of the produced
sputum sample and of the sputum plug selection process.
The latter can also affect the density of the sputum sample,
which is expressed by the cell count per sample volume.
Sputum viability is a factor that also needs to be consid
ered. Viability is unlikely to depend on the underlying
disease process and is generally lower in spontaneously
produced than in induced sputum samples.8,9 There is also
evidence that sputum processing affects the viability.10
Sputum cell quality, squamous cell contamination and
cell viability could impact the level of proteins in sputum
supernatant, but these factors are generally not considered
for the interpretation of sputum biomarker data. Therefore,
we analyzed the impact of sputum cell quality and the
above-mentioned factors on sputum supernatant biomarker
results.

Methods
154 baseline sputum samples of clinically stable patients
with moderate to severe COPD (post-bronchodilator
FEV1% predicted 30–80%, FEV1/FVC ratio ≤ 70%) from
12 European clinical research centers were included into our
retrospective data analysis.11 Patients received no antiinflammatory therapy and had no respiratory tract infection/
exacerbation within four weeks preceding the sputum collec
tion. Sputum samples were obtained at baseline using
a standardized protocol.11 The study was approved by the
ethics committee at each participating center (De
Videnskabsetiske Komiteer for Region Hovedstaden,
Hillerod, Denmark; Ethik-Kommission der Ärztekammer
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Schleswig-Holstein, Bad Segeberg, Germany; Bioethics
Committee of the Jagiellonian University; Krakow, Poland;
Regionala etikprövningnämnden I Lund, Lund, Sweden;
NRES Committee East of England, Nottingham, United
Kingdom; Ethik-Kommission der Landesärztekammer
Rheinland-Pfalz, Mainz, Germany; Ethik-Kommission der
Ärztekammer Niedersachsen, Hannover, Germany; EthikKommision der Landesärztekammer Hessen, Frankfurt,
Germany), registered at clinicaltrials.gov (NCT01509677)
and all patients gave written informed consent. The study
was conducted in accordance with the Declaration of
Helsinki.
Patients inhaled 0.9% and 3% nebulized saline solution
for two consecutive periods of 5 min each.11 Selected
sputum cell plugs of all induction periods were pooled,
weighed, and processed with four volumes of 0.1% dithio
threitol (DTT, Sputolysin®; Calbiochem, Bad Soden,
Germany) and four volumes of 1x phosphate buffered
saline (PBS) in accordance with published standard oper
ating procedures.12 The sputum samples were incubated
for 15 min at room temperature and subsequently filtered
through a 53 µm nylon mesh and centrifuged (600g,
10 min, 4°C). Supernatants were frozen immediately at
−80°C. The remaining cell pellets were re-suspended in
PBS. Cell counts were performed in a hemocytometer and
viability was determined using trypan blue (Sigma,
Deisenhofen, Germany). Sputum cell slides were prepared
and fixed at each site according to harmonized procedures.
Cell staining with Diff Quick (LT-SYS Diagnostika,
Berlin; Germany), differential cell count analysis and cell
quality determination were assessed centrally. The 5-point
cell quality scale (0–2) considers cell morphology, amount
of cellular debris, and percentages of squamous cells only
if it influences inflammatory cell identification.3 The spu
tum cell quality levels (low: <0.75, medium: 0.75–1.25,
high: >1.25) were based on the mean cell quality score of
two evaluators.3
The concentrations of 46 inflammatory biomarkers were
analyzed in sputum supernatants by Myriad RBM using the
Human Inflammation Multi Analyte Profile ® V. 1.0 (https://
myriadrbm.com/products-services/humanmap-services
/inflammationmap/) as previously described.12
Sputum cell percentages and soluble biomarker con
centrations were expressed as geometric means and geo
metric standard deviation (GSD). Kruskal Wallis ANOVA
was performed to test differences between cell quality
levels (low, medium, high). We tested the homogeneity
of variance by Levene-Test, computed linear correlations
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and listed Pearson’s r correlation coefficients in Table 1
(Statistica 64, TIBCO Software Inc. (2017), Version 13).
Multiple regression analysis was performed using the lm
function in R (version 3.6). The gvlma function and vif
function in R were used for global model validation and to
test for multicollinearity. An alpha error of less than 5%
was considered statistically significant.

Results
In total, 23 soluble biomarkers of the panel were detectable in
the sputum supernatant samples. ICAM-1 and TNF-α could be
detected in less than 50% of the samples and were excluded
from data analysis. Multiplex biomarker analysis was done for
154 patients. For 13 patients we were able to collect sputum
supernatant, but the sputum cell quality was rated 0, therefore
differential cell count analysis is only available for 141
patients. Soluble biomarker concentrations, differential cell
counts, total cell count/mL (TCC/mL) and viability are listed
separately for each cell quality level (Table 1).
As shown in Table 1 we observed similar mean per
centages of sputum macrophages, neutrophils, eosinophils,
lymphocytes, and monocytes between the different cell
quality levels. The mean percentage of non-squamous
epithelial cells (p=0.008) and squamous cells (SC%; p=
0.001) as well as total cell count/mL (TCC/mL; p=0.006)
and cell viability (p=0.001) differed significantly between
the cell quality levels. SC% and non-squamous epithelial
cells decreased with increasing cell quality, whereas TCC/
mL and cell viability increased with the cell quality level.
As for biomarkers, the concentrations of IL6
(p=0.002), IL8 (p=0.015), and TNFR2 (p=0.020) were
significantly increased in samples of higher cell quality.
In fact, for the important inflammatory biomarker IL6 we
observed almost 3-fold higher levels in high cell quality
sputum samples. For MMP9 there was a trend (p=0.060)
for an increase and for IL-1ra a trend (p=0.070) for
a decline in concentration with increasing cell quality.
Sixteen biomarkers showed no statistically significant dif
ference between cell quality levels, but most of these had
their highest values in high cell quality sputum samples.
As indicated by the decreasing GSD the variability of
biomarker concentrations declined for most biomarkers
with increasing cell quality levels (Table 1). For six bio
markers this was statistically significant (AAT (p=0.002),
Complement C3 (p=0.0028), Haptoglobin (p=0.014), IL1ra (p= 0.001), RANTES (p=0.011), TIMP-1 (p<0.001)).
We calculated the total variability (GSD) for the biomar
kers for samples with all cell quality levels as well as for
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medium and high cell quality samples only. On average,
the variability was 6% lower after excluding the 28 low
cell quality samples.
Out of the 21 biomarkers examined, 16 showed sig
nificantly negative correlations with the percentage of
squamous cells, only IL-1ra was positively correlated.
For 14 biomarkers we observed a positive correlation
with cell density (TCC/mL) in the respective sputum sam
ples and for 16 markers with the concentration of sputum
neutrophils (NG/mL). No significant correlations were
observed with cell viability.
As a final step, we used multiple regression analysis to
test the impact of different factors on biomarker concen
trations in sputum supernatant. The cell quality score,
squamous cells percentage and viability were included
into the model as well as total cell count and neutrophil
percentage; the respective R2 values are listed in Table 1.
These indicate that generally about 30% of the variability
can be explained by the included factors. Figure 1 sum
marizes the model and list the different biomarkers that
showed significant effects for the respective factors. Most
biomarkers were influenced by cell density and some by
the percentage of squamous cells. MMP9 as a marker of
neutrophilic inflammation was also affected by neutrophil
percentages. In our model the sputum cell quality score
had a significant influence on a limited number of sputum
fluid phase proteins. The viability appears to have no
influence on biomarker concentrations.

Discussion
The question how induced sputum cell quality affects the
level of biomarkers in the fluid phase of sputum needs to
be answered for each biomarker individually and requires
the consideration of other potentially influencing factors.
The sputum induction and processing protocol, especially
differences in the treatment with DTT, the assays used for
biomarker analysis and storage time before processing are
known to affect absolute biomarker concentration.13 These
factors, however, were carefully controlled, as all sites in
this multicenter study used the same protocol and all those
involved in sputum processing were trained before the
study start. Despite this, a certain level of individual pro
cessor related variability cannot be finally controlled for.
Patient diagnosis and severity of airway inflammation
will have a major impact on biomarker levels, if these are
related to the specific disease activity. In this study we
included COPD patients and therefore biomarkers related
to sputum neutrophilia are likely to be increased. Since the
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Table 1 Influence of Cell Quality Level on Sputum Soluble Biomarker Concentrations, Variability and Cellular Characteristics
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Soluble Biomarker

Cell Quality Level

Cell Quality Level

Low

Low

Med.

High

Med.

Correlations

Multiple
Regr.

High

Geometric Mean

Geometric SD

n

28

25

101

28

25

101

Alpha-1-Antitrypsin (AAT)

µg/mL

1.20

1.01

1.56

4.3

3.0

Alpha-2-Macroglobulin (A2M)
Beta-2-Microglobulin (B2M)

µg/mL
ug/mL

5.26
0.68

4.03
0.68

4.36
0.83

2.3
2.4

2.1
2.0

Complement C3 (C3)

µg/mL

0.61

0.55

0.87

9.9

Fibrinogen (FIB)
Ferritin (FRTN)

µg/mL
ng/mL

0.15
3.35

0.15
3.56

0.13
5.08

5.0
4.1

Haptoglobin (Hglob)
Interleukin-1 alpha (IL1a)

µg/mL
pg/mL

0.35
6.76

0.32
4.28

0.26
3.35

Interleukin-1 beta (IL1b)

pg/mL

39.1

60.0

Interleukin-1 receptor antagonist
(IL1RA)

ng/mL

4.80

3.51

Interleukin-6 (IL6)

pg/mL

20.4

Interleukin-8 (IL8)
Macrophage Inflammatory

ng/mL
ng/mL

2.84
0.22

ng/mL
pg/mL

R2

log

log

log

SC %

TCC/mL

NG/mL

2.6

***

***

***

0.21

1.9
1.9

*

*

0.09
0.09

8.5

4.7

**

***

***

0.18

4.3
3.1

3.7
3.0

**
***

***
***

***
***

0.25
0.3

8.9
3.0

5.4
2.7

4.3
2.9

**

***

***
**

0.25
0.19

43.4

3.3

4.8

4.6

***

***

***

0.3

2.56

2.9

2.0

1.9

***

37.6

67.9

3.8

3.1

3.4

***

4.90
0.26

5.43
0.30

3.8
3.8

4.2
3.4

3.2
3.8

***
***

***
***

***
***

0.24
0.23

87.2
156.8

103.3
221.1

155.0
211.7

3.5
2.0

3.2
2.6

3.3
2.6

***

***

***

0.41
0.02

pg/mL
ng/mL

15.8
72.7

18.8
90.0

19.6
126.6

2.0
4.5

1.8
3.0

1.7
1.9

***
***

***
***

***
***

0.32
0.26

Tumor Necrosis Factor
Receptor-2 (TNFR2)

ng/mL

0.29

0.44

0.57

2.9

3.0

2.7

***

***

***

0.42

Vascular Cell Adhesion Molecule-

ng/mL

1.88

1.73

1.94

2.5

2.3

2.2

***

***

0.19

1 (VCAM1)
Vascular Endothelial Growth Factor

ng/mL

0.34

0.34

0.33

2.9

2.5

2.3

Vitamin D-Binding Protein (VDBP)

ug/mL

0.20

0.14

0.22

3.0

2.7

2.2

Sputum Cells

n

15

25

101

15

25

101

Macrophages

%NSC

12.5

13.2

13.6

3.9

2.5

2.3

r

Neutrophil granulocytes

%NSC

56.0

70.8

71.7

1.7

1.7

1.4

> 0.5

Eosinophil granulocytes
Lymphocytes

%NSC
%NSC

1.3
0.3

0.3
0.1

0.7
0.4

14.3
6.9

8.9
7.8

8.7
6.1

> 0.4
> 0.3

Non-squamous epithelial cells

%NSC

1.6

0.8

0.4

6.3

9.1

7.3

> 0.2

Monocytes
Squamous cells

%NSC
%

0.02
14.4

0.02
4.4

0.03
1.1

3.1
2.8

3.7
6.6

5.0
5.7

> 0.1
< −0.2

Total cell count/mL sputum

106/mL

1.56

2.70

3.88

2.5

3.0

3.0

< −0.3

Viability

%

62.0

81.2

88.8

1.5

1.2

1.1

< −0.4

0.25
0.13

Protein-1 beta (MIP1b)
Matrix Metalloproteinase-9 (MMP9)
Monocyte Chemotactic Protein-1
(MCP1)
T-cell specific protein (Rantes)
Tissue Inhibitor of
Metalloproteinases-1 (TIMP1)

0.06

(VEGF)
**

***

**

0.15

Notes: ***p<0.001; **p<0.01; *p<0.05. Colored shades indicate Pearsons r correlations coeffients in the respective columns.
Abbreviations: Med, medium; NSC, non-squamous cells; SC%, squamous cells percentage; TCC, total cell count; NG, neutrophil numbers.

patient cohort was rather homogeneous, which can be seen
by the moderate variability of the percentage of neutro
phils, we would not expect a major impact of disease
severity or neutrophil levels. The current status of airway
inflammation in COPD will also affect the density of
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sputum, which is generally described by the total cell
count per mg selected sputum plugs. We included this
measure instead of the number of neutrophils/mg sputum,
as the latter is naturally very closely related to neutrophil
percentage. It should be kept in mind that sputum cell
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Figure 1 Multiple Regression model (Biomarker ~ NG% + SC + TCC/mL + via + Score). The model includes total cell count/mL (TCC/mL), squamous cell contamination
(SC), the cell quality score (Score), the percentage of neutrophils in sputum (NG%) and the viability (via). The arrows illustrate the model. The effect of squamous cell
contamination (SC) is likely to be indirect, via TCC/mL and/or the cell quality score, indicated by dotted arrow. The biomarkers which were significant with respect to the
included factors are listed and the respective format indicates the level of significance (p<0.001; p<0.01; p<0.05). Abbreviations of biomarkers, please see Table 1.

density is likely to be affected by the way the sputum
plugs are selected from the saliva out of the total expecto
rate. Saliva contamination of the sputum plugs can be
estimated by the level of squamous cells in the sample.
A median (IQR) squamous cell percentage of 2.4 (0.6; 7.0)
% and just 24 samples with >10% is close to the achiev
able optimum in a multicenter study. Nevertheless, a clear
relationship can be observed between the squamous cell
percentage and the cell density (r=0.58, p<0.001).
Therefore, squamous cell contamination indirectly affects
the biomarker concentration by contributing to the dilution
of the sputum supernatant (Figure 1). While for markers
with a major lung origin an inverse relationship is

International Journal of Chronic Obstructive Pulmonary Disease 2021:16

expected and observed, IL-1ra showed a positive relation
ship. Interestingly, the major mRNA expression of IL-1ra
is in the larynx and on the tongue (http://bioinfo.wilmer.
jhu.edu/tiger/db_gene/IL1RN-index.html). Therefore, an
increase of saliva in sputum supernatant could potentially
be responsible for an increase in the level of this protein.
Previously, we were able to show that the sputum cell
quality assessed during differential cell counts affects the
variability between evaluators for the major cell types and
should be considered as further quality measure in sputum
analysis (3). Our current analysis demonstrates a lower
variability in higher cell quality samples for most fluid
phase markers. Moreover, the overall exclusion of lower
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cell quality samples in this study would reduce the varia
bility between samples.
To estimate the contribution of individual factors with
respect to the biomarker concentration in sputum super
natant we performed a multiple regression analysis includ
ing the markers listed in Table 1. Besides the sputum cell
quality level, which was the focus of this study, we
included the squamous cell contamination, the percentage
of neutrophils as an indicator of airway inflammatory
status of the COPD patients, the total cell count, and the
viability of sputum cells. Sputum cell viability could also
be a factor influencing certain protein biomarkers, when
dead cells release mediators from intracellular sources.
Overall, the contribution of these factors explaining the
total variability of sputum fluid phase biomarker concen
trations is low to moderate as indicated by the R2 levels
provided in Table 1. Therefore, other factors like interindividual differences in inflammatory status might
account for a major proportion of variability.14
In summary, the sputum cell quality score appears to
have a moderate impact on some soluble biomarkers. The
number of proteins influenced by squamous cell contam
ination is higher, while cell viability had a limited effect.
Nearly all tested sputum biomarkers are affected by total
cell density and some by neutrophil percentages. Our
biomarker panel demonstrates that there is no general
model that fits all compounds and an individual evaluation
and adaptation especially for novel proteins need to be
performed.

Conclusion
Besides other factors, sputum cell quality has an impact on
biomarker concentration in sputum supernatants. More
importantly, samples with low sputum cell quality increase
the variability of fluid phase biomarkers. Currently we do
not have any evidence that the exclusion of low cell
quality samples improves the discrimination eg between
treatment groups in clinical trials, but we strongly recom
mend considering and to test this option for available or
future sputum supernatant biomarker data.

Data Sharing Statement
The data that support the findings of this study are avail
able on request from the corresponding author. The data
are not publicly available due to restrictions eg their con
taining information that could compromise the privacy of
research participants.
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