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Introduction: There is a great interest to identify airway biomarkers to evaluate the potential
and efficacy of anti-inflammatory therapeutic interventions. In this pilot study, we compared
cytokine mRNA and protein levels of IL-6, IL-8, CCL2, CCL4, and TNF-q, as well as LTB-4
expression regarding their reproducibility and responsivity in induced sputum in COPD patients.
Methods: We recruited a cohort of 17 patients with a moderate COPD exacerbation,
necessitating antibiotics and/or oral corticosteroids. Patients were followed for two consecu-
tive stable phase visits. Cytokine mRNA and protein levels were measured in induced
sputum samples.

Results: IL-6 and CCL4 protein levels decreased from exacerbation to stable phase, whereas
their mRNA expression showed the same trend (not statistically significant). Coefficients of
variation were overall lower (ie, more favorable for responsiveness) at protein levels compared to
mRNA levels. No significant differences were observed in the reproducibility between cytokine
mRNA expression and protein measurements. I1L-6, IL-8, CCL2, and TNF-a gene expression
levels yielded moderate to high intraclass correlation coefficients and/or Spearman correlation
coefficients between both stable phase samples in contrast to their protein levels.

Conclusion: Our findings suggest that several protein levels yield better responsivity with
lower noise-to-signal ratios compared to their respective mRNA levels. In contrast, cytokine
mRNA expression was more reproducible as it varied less in a stable state than proteins.
Future studies are needed with a larger sample size to further evaluate the differences of
responsivity and reproducibility between cytokine mRNA and protein measurements, not
only during exacerbations.
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Introduction
Airway inflammation represents the main underlying feature in the pathogenesis of
chronic obstructive pulmonary disease (COPD).' Changes in pulmonary function as
measured with spirometry are the main response parameters of treatment in COPD
in daily clinical practice, but only poorly reflect both the burden to the patient and
the underlying pathology. Therefore, there is a great interest to identify sensitive
airway biomarkers to evaluate the potential and efficacy of for instance anti-
inflammatory therapeutic interventions.”>

A biomarker can be useful for monitoring if it changes markedly with treatment
or over time when the severity of the underlying disease varies, but changes little
under stable conditions. The former is called responsivity, the latter reproducibility.
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The optimum in general is both high responsivity and high
reproducibility. The analysis of sputum represents
a noninvasive and patient-friendly method that allows the
objective assessment of response to treatment and disease
activity in the lower airways.* It has been repeatedly
shown that COPD patients have higher numbers of inflam-
matory cells, as well as higher concentrations of various
inflammatory markers in induced sputum compared to
healthy controls.””’

Assessment of the reproducibility and responsivity of
cytokine measurements in sputum represents a crucial
milestone on the path of finding robust sputum biomar-
kers. Several factors affect these outcomes negatively,
including the inability to cough up spontaneous sputum
in some patients and the variable dilution effects in
induced sputum samples by nebulized saline solutions.
Further technical problems include dithiothreitol (DTT)
pretreatment which is used to dissolve disulfide bonds to
make sputum less viscous, but can also dissolve the same
bonds in several cytokines leading to modified levels.>’
Finally, it is conceivable that treatments tested for their
effect on sputum inflammation can have an effect by
themselves on sputum cytokine concentrations by affect-
ing the water content, such as anticholinergic medication.

The methodological problems in the determination of
protein levels and variable dilution have contributed to
studies failing to demonstrate consistent associations
between the reduction of COPD symptoms, exacerbations,
and cytokine concentrations in induced sputum amongst
others in studies investigating the effect of corticosteroids
or anticholinergics.'*'?

In the light of prospective COPD interventional stu-
dies, it is necessary to identify robust airway biomarkers
that overcome these technical limitations. A conceptually
attractive approach is the analysis of m (messenger) RNA
instead of protein levels as an inflammatory marker since
the level of mRNA can be normalized to a housekeeping
gene, circumventing at least the variable dilution involved
in induced sputum with saline. To our knowledge, there is
only little data regarding the longitudinal analysis of cyto-
kine mRNA expression in induced sputum samples. We
hypothesized that assessing cytokine activity by measuring
their RNA expression might help reduce the measurement
noise in sputum inductions and improve both responsivity
and reproducibility. In this prospective study, we aimed to
compare cytokine mRNA and protein levels of IL-6, IL-8,
CCL2, CCL4, and TNF-a, as well as LTB-4 expression
regarding their responsivity (exacerbation to stable phase)

and reproducibility (stable to stable phase) in induced
sputum in COPD patients to assess their potential as an
outcome measure.

Methods
Subjects

Patients with COPD were included at the occurrence of
a moderate exacerbation necessitating antibiotics and/or
oral corticosteroids, in the outpatient setting. Patients had
to be smokers or ex-smokers with a smoking history of
more than 10 pack-years, aged above 40 years, with
a postbronchodilator FEV; below 80% of predicted but
above 0.8 L, and with a postbronchodilator FEV/forced
vital capacity (FVC) below 0.7.% Patients with pneumonia
as determined by X-ray, intake of oral prednisolone and/or
antibiotics longer than 48 h, need for mechanical ventila-
tion, treatment with immune-modulating agents, a history
of asthma, or significant other diseases that could influence
the result of the study were excluded. The study was
stated in the
Declaration of Helsinki. The local medical ethics commit-

performed following the principles
tee (University of Groningen, Groningen, the Netherlands)
approved the study. Written informed consent was
obtained from all patients. The study was registered with
Clinical trials.gov (NCT03924843).

Study Design

We recruited a cohort of patients with a moderate COPD
exacerbation. These patients were followed for two con-
secutive stable phase visits. The first stable phase visit
took place after at least six weeks of the initial visit and
the cessation of oral prednisolone and/or antibiotic treat-
ment. The second was subsequently done still in the stable
phase, approximately one week after the first stable phase
visit. At each visit, the medical history was evaluated and
a physical examination was performed by a physician who
also evaluated the presence of an exacerbation. In addition,
spirometry was performed, followed by sputum induc-
tion (SI).

Sputum Induction and Processing

We used one of two methods for SI, employing different
saline solutions, which was dependent on the degree of
bronchoconstriction to perform SI safely in patients with
a low FEV; We adapted a protocol by Bathoorn et al,
starting with a 0.9% saline solution in shorter exposure
times and gradually increasing tonicity in subjects with
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a lower FEV, leading to closer monitoring time of the
decrease in FEV (Figure 1)."

1. If the FEV, was >1.5 L, SI was performed using
a 5% hypertonic saline solution three times for five
minutes (ie, regular protocol).

2. If the FEV, was <1.5 L, but >0.8 L, SI was started
using a 0.9% saline solution, and its tonicity was
gradually increased, as depicted in Figure 1 (ie,
cautious protocol).

Study participants underwent the same sputum induc-
tion protocol with the same nebulized saline solutions
during exacerbation and stable phase visits (eg, when the
cautious protocol was stopped after 3% saline solution,

due to a drop in FEV;, during the exacerbation visit, the
follow-up sputum inductions were also stopped after 3%
saline solution). Furthermore, follow-up sputum induc-
tions took place at the same time of the day, compared to
the exacerbation visit, to mitigate potential effects caused
by circadian variations of sputum inflammatory cells dur-
ing all three visits.

Processing/Analysis

The volume of the induced sputum samples was deter-
mined by weighing. The sample was then mixed with an
equal volume of 0.1% sputolysin (dithiothreitol, DTT,
Calbiochem, USA). To ensure complete homogenization,
the samples were placed in a shaking water bath at 37°C
for 15 min, once interrupted by gently mixing the sample.

All patients receive 400 um salbutamol

FEV, measured after 15 minutes

FEV1<1.5L

!

Cautious protocol:

Nebulisation with 0.9 %
saline for 30 sec *

0.9 % saline for 120 sec *

3 % saline for 210 sec *

4 % saline for 210 sec *

5 % saline for 210 sec *

5 % saline for 210 sec *

Figure | Sputum induction protocol.

FEV1>1.5L

l

Regular protocol:

5 % saline for 300 sec *
5 % saline for 300 sec *

5 % saline for 300 sec *

Notes: If the decrease in FEV, is >20%, the sputum induction is stopped. If the decrease in FEV is 10 to 20% of the postsalbutamol inhalation FEV|, patients receive 200 pg
salbutamol. After 10 min FEV, is measured again. If FEV, is <90% of baseline FEV/, the Sl is stopped. After each step, the patients are asked to cough up sputum. As far as
feasible, patients are encouraged to complete all of the steps of the entire protocol. *FEV, is measured.

Abbreviations: FEV, forced expiratory volume in | second; L, liters.
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The homogenized sputum was centrifuged (350% g) for 10
min at 20°C. The cell-free supernatant was collected and
stored in aliquots at —80°C pending analysis of soluble
mediators. The cell pellet was then resuspended in phos-
phate-buffered saline (PBS) containing 1% (w/v) human
serum albumin (HSA), pH 7.4, to a final volume of 2-
5 mL, followed by filtration through a nylon gauze (pore
size approximately 48 pm, Thompson, Ontario) to remove
clumps.

Total cell numbers were counted and the percentage of
squamous cells was determined. In case >80% of cells
were squamous cells, the sample was rejected and an
additional sputum induction was performed (one sample).
A differential cell count was subsequently performed on
the cells, mRNA was extracted from cells, and biomarker
concentrations were measured in the supernatant. For
a differential cell count, cytospin-preparations were
stained with May—Griinwald, and Giemsa and a cell
count was performed by counting at least 400 cells in
duplicate in a blinded fashion. LTB4 and protein levels
of cytokines (IL-6, IL-8, CCL2, CCL4, and TNF-a) were
determined using ELISA. The cell pellet was stored in
a lysis buffer until extraction. Total RNA was extracted,
reverse transcribed into cDNA, and subjected to qRT-PCR.
The number of cells was limited for certain samples, and
to guarantee samples of sufficient quality, only samples
with an RNA concentration >5 ng/uL. were included in the
analysis (12 samples rejected). Real-time PCR data were
analyzed using the comparative cycle threshold (Ct: ampli-
fication cycle number) method. The amount of the target
gene was normalized to the endogenous reference gene
SDHA.

Statistical Analysis

Demographic variables are presented as median values
(interquartile range, IQR). The endpoint parameters were
mRNA levels of IL-6, IL-8, CCL2, CCL4, and TNF-q,
next to the respective cytokine protein levels. In addition,
inflammatory cell profiles and LTB4 lipid concentrations
were assessed. Sputum inflammatory cell counts and cyto-
kine protein levels were log-transformed (after adding 0.1
to each variable). Mean values and standard deviations
(SD) were computed and presented, or median with IQR
in case of non-normally distributed variables after log-
transformation. Responsivity was described as the change
in measurements from visit 1 (exacerbation) to visit 2
(stable phase). Non-normally distributed variables were
analyzed using Wilcoxon signed rank test, and normally

distributed variables using paired ¢ tests. To circumvent the
variable number of protein and mRNA samples, we also
calculated the coefficient of variation (CV) from exacer-
bation to stable phase, as the SD/absolute mean difference.
A smaller CV denotes more response signal relative to the
variability (better noise to signal ratio). We calculated
intraclass correlation coefficients (ICC), applying a two-
way random effects model, to assess the reproducibility of
measurements between the two stable phase visits (visit 2
and 3). A higher ICC denotes a more reproducible test.
Since several protein levels could not be normalized to
a normal distribution to allow for among others the ICC
calculation, we also calculated Spearman correlation coef-
ficients between the two stable phase visits. The statistical
analyses were performed using R software (v3.6.1).

Results

Twenty-one COPD participants were recruited. Four parti-
cipants were excluded after the baseline visit due to the
inability to cough up a sputum sample, their request, and
repetitive COPD exacerbations. The baseline characteris-
tics of the patients included in the current analyses are
presented in Table 1 and their inflammatory parameters in
Tables 2 and 3. The median squamous cell contamination
was 6.6% in sputum samples during exacerbation and
30.7% during stable phases. The median sputum viability
was 83.7% during exacerbation and 81.5% during stable
phases.

Responsivity
The responsivity of sputum cytokine measurements was
evaluated between visit 1 (exacerbation) and visit 2 (stable
phase), which consisted of a median period of 55 days.
Fifteen matched sputum samples were analyzed,
whereas 10 matched sputum samples were of sufficient
mRNA quality for this analysis. IL-6 and CCL4 protein
levels decreased from exacerbation to stable phase
(p-value <0.05). The change in mRNA expression of IL-
6 and CCL4 showed the same trend but was not statisti-
cally significant (p-value >0.05). No significant changes
were identified for the cytokines IL-8, CCL2, and TNF-a
at protein or mRNA-levels nor for LTB4 between the
exacerbation and stable phase visit (Table 2). Coefficients
of variation (CV) were calculated to evaluate the variabil-
ity versus signal independently of the number of samples;
these were overall lower (ie, more favorable for respon-
sivity) at protein levels compared to mRNA levels.
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Table | Baseline Clinical and Demographic Characteristics

Number of patients 17
Sex (m/f) 13/4
History of exacerbations nb (number in last 12 months)
0 7 2 missing
1
>2 2
Median 25-75 percentile
Age (years) 70.0 69.0-71.0
Pack years smoking 39.0 29.0-58.0
BMI 28.6 24.9-31.8
Exacerbation, visit |:
FEV, (%pred) 56.0 46.0-66.0
FEV,\/FVC (%) 46.0 43.0-51.0
Stable phase, visit 2
Days after exacerbation visit 55.0 42.0-73.0
FEV, (%pred) 58.0 49.0-70.0
FEV,/FVC (%) 48.0 44.0-54.0
Stable phase, visit 3
Days after stable phase visit | 7.0 7.0-10.0
FEV, (%pred) 58.0 52.0-67.0
FEV,/FVC (%) 47.0 44.0-56.0
Sputum induction protocol 8/9
(Cautious/Regular)

Notes: Data are presented as median (interquartile range: 25th—75th percentile).
Abbreviations: FEV,, forced expiratory volume in | second; FVC, forced vital
capacity; pred, predicted.

Next to cytokines, inflammatory cell counts and cell
percentage from 10 matched sputum samples showed no
statistically significant differences between the exacerba-
tion and stable phase (Table 3). Coefficients of variation
could only be calculated for absolute counts of neutrophils
and macrophages and could not be calculated for their
respective cell percentages, due to their non-normal
distribution.

Reproducibility
The reproducibility of sputum cytokine measurements was
evaluated between two stable phases, which consisted of
a median interval of seven days.

Fourteen matched sputum samples were analyzed for
cytokine protein levels. Eight matched sputum samples
exhibited sufficient mRNA quality and were included for

this analysis. Intraclass correlation coefficients were mod-
erate for IL-6 (mRNA: 0.51), CCL2 (mRNA: 0.69), and
LTB4 (0.59) and good for TNF-a (mRNA: 0.73). The
confidence intervals of the intraclass correlation coeffi-
cients were overlapping for mRNA levels and protein
levels of IL-8, I1-6, and CCL2. Therefore, no significant
difference in the reproducibility of these measurements
between mRNA and protein levels was observed.
Intraclass correlation coefficients could not be computed
for protein levels of CCL4 and TNF-a since these showed
non-normal distribution after log-transformation.

Spearman correlation coefficients between the two
stable phase visits were moderate for mRNA levels of
IL-8 (rho=0.57), IL-6 (rho=0.52), TNF-0, (tho=0.76) and
better than the correlations of their respective protein
levels which were poor.

Next to cytokines, seven matched sputum samples were
available for inflammatory cell count analysis. ICCs could
be calculated for absolute counts of neutrophils and macro-
phages and could not be calculated for their respective cell
percentages due to their non-normal distribution. Spearman
correlation coefficients were moderate for cell percentages
of neutrophils (tho=0.57) and macrophages (rho=0.68) in
contrast to their absolute cell counts which were poor.

Discussion
In this prospective pilot study, we assessed the responsiv-
ity and reproducibility of cytokine mRNA compared to
protein levels of IL-6, IL-8, CCL2, CCL4, and TNF-a in
induced sputum samples from COPD subjects to evaluate
their relative potential as an objective outcome measure.
To evaluate responsivity, matched samples were com-
pared from exacerbation to stable phase. Protein levels of
IL-6 and CCL4 decreased after an exacerbation, whereas
IL-8 and TNF-a followed the same direction without
reaching statistical significance, not dissimilar from earlier

reports. 14-16

mRNA expression levels of these cytokines
showed the same trend but did not reach statistical sig-
nificance in our study. Importantly, fewer samples had
sufficient mRNA quality (N=10) for subsequent analysis
compared to protein levels (N=15). Therefore, the power
of the analysis for mRNA expression was reduced, com-
pared to proteins, which might be the explanation for the
lack of significant effects for IL-6 and CCL4 mRNA
expression. To circumvent the problem of lower sample
size, we also calculated the coefficient of variation (CV),
which is independent of sample size as opposed to formal
statistical testing. In our analyses, the CVs were also
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higher for RNA levels compared to protein levels, ie less
favorable, again not favoring mRNA as the more respon-
sive measurement.

To evaluate the reproducibility, matched samples from
stable phases were compared (median interval seven days).
No significant differences were observed in the reproduci-
bility between cytokine mRNA expression and protein
measurements. Again, fewer matched samples were avail-
able for mRNA expression (N=8) than for protein analysis
(N=14), thus reducing the power of this analysis. Intraclass
correlation coefficients and/or Spearman correlation coef-
ficients were moderate for gene expression levels of IL-6,
IL-8, CCL2, and TNF-0, and were generally much lower
for protein levels.'” This suggests that assessing gene
expression might yield more reproducible results com-
pared to protein levels. However, this hypothesis requires
careful interpretation, and future studies with a larger sam-
ple size are needed to confirm this assumption.

No differences were identified for absolute cell counts
and cell percentages concerning their responsivity between
exacerbation and stable phase. Further, the responsivity of
cell counts and cell percentages could not be compared
since no coefficients of variation could be calculated due
to non-normal distribution. For the same reason, no intra-
class correlation coefficients could be calculated for most
cell counts and cell percentages. Spearman correlation
coefficients were moderate for cell percentages of neutro-
phils (tho=0.57) and macrophages (rho=0.68) between
both stable phases in contrast to their absolute cell counts,
suggesting that inflammatory cell percentages might yield
more reproducible results compared to absolute cell count
levels.

There are several strong points of this study. First, it
has been shown that the duration of sputum induction and
varying saline solutions during sputum inductions can
affect the cellular and biochemical composition in sputum
samples.'® Our study participants underwent the same
sputum induction protocol during stable phase visits com-
pared to their exacerbation visits in this study. Thus, the
same nebulized saline solutions were administered during
the follow-up sputum inductions to control for the dilu-
tional effect which might be caused by different saline
solutions during sputum inductions.

Second, to yield optimal RNA expression data, sputum
samples were processed according to the “whole sputum
method”, and were immediately stabilized using an
mRNA-stabilizing kit. Fressing et al have recently demon-
strated that sputum collected using the “whole sputum

method” is a reliable method for inflammatory phenotyp-
ing and for gene expression analysis, and yields superior
results compared to the “plug selection method”."

Third, there is preliminary evidence that circadian var-
iations of sputum inflammatory cells might affect out-
comes in subjects with respiratory diseases.’ Therefore,
follow-up sputum inductions took place at the same time
of the day during all three visits in this study, compared to
the exacerbation visit, to mitigate possible effects caused
by circadian variations. Nevertheless, more research is
needed to investigate the impact of diurnal variation on
sputum inflammatory cells in COPD.

Fourth, sputum samples need to be processed after
collection and are generally pretreated with dithiothreitol
(DTT) to dissolve the sticky sputum. It has been shown
that DTT pretreatment can influence the detection of cyto-
kine protein and gene expression levels in sputum
sample.*’ Therefore, in our study, all sputum samples
were uniformly processed with DTT to allow standardiza-
tion in this study, but this does not fully overcome the
measurement errors due to the DTT introduction itself.

There are also limitations related to our study. No
power calculation was performed for our primary outcome
since mRNA cytokine markers have not been studied well
enough in induced sputum samples from COPD subjects.
We aimed for 15 fully evaluable subjects, based on similar
methodological studies in sputum evaluating other read-
outs. In our study, considerably fewer matched samples
were available for mRNA expression compared to protein
analysis, suggesting that the cytokine mRNA expression
analyses were underpowered and perhaps limiting their
usefulness. Follow-up studies could consider making
fewer cytospins, as these provided relatively little addi-
tional information in our study, and in other studies largely
provided information limited to eosinophil counts. This
would save cells for RNA extraction.

In our study, we evaluated the responsivity only from
moderate COPD exacerbations to stable state but did not
include subjects with severe exacerbations. Future studies
should consider evaluating the responsivity between severe
COPD exacerbations and stable phase as well as before and
after medical interventions. In addition, it will be insightful to
stratify for smoking status, number of exacerbations in the
last 12 months as well as the cause of COPD exacerbations;
our pilot study was underpowered to analyse these subgroups
separately. It is currently not well known whether the hetero-

geneity of COPD exacerbations (ie, bacterial/viral/
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eosinophilic) affects the responsivity or reproducibility of the
inflammatory outcomes.

Furthermore, we evaluated the reproducibility of cyto-
kine mRNA and protein measurements with a median inter-
val of seven days. Although all included subjects were
clinically stable at both visits, it could be speculated that
airway inflammatory patterns still changed during this inter-
val. Future studies should consider evaluating the reprodu-
cibility of cytokine mRNA and protein measurements with
a shorter interval, perhaps even on the same day.

In summary, several protein levels yielded better noise
to signal ratios (better responsivity) compared to their
respective mRNA levels, not sustaining the hypothesis
that mRNA normalization would overcome variable dilu-
tion of samples during the sputum induction procedure.
The signals in IL-6 and CCL4 protein levels were the
highest. Conversely, cytokine mRNA expression varied
less in a stable state than proteins, indicating that measur-
ing cytokine activity at gene expression level might
improve reproducibility in sputum inductions compared
to proteins. Future studies are needed with a larger sample
size to further evaluate the differences of responsivity and
reproducibility between cytokine mRNA and protein
measurements.
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