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Background. We determined the relationships between cytokine expression in sputum and clinical data to characterize and
understand chronic obstructive pulmonary disease (COPD) exacerbations in people with COPD.

Methods. We measured 30 cytokines in 936 sputum samples, collected at stable state and exacerbation visits from
99 participants in the Acute Exacerbation and Respiratory InfectionS in COPD (AERIS) study (ClinicalTrials.gov
NCT01360398). We determined their longitudinal expression and examined differential expression based on disease status or
exacerbation type.

Results.  Of the cytokines, 17 were suitable for analysis. As for disease states, in exacerbation sputum samples, interleukin (IL)
17A, tumor necrosis factor alpha (TNF-a), IL-1B, and IL-10 were significantly increased compared to stable state sputum
samples, but a logistic mixed model could not predict disease state. As for exacerbation types, bacteria-associated
exacerbations showed higher expression of IL-17A, TNF-qa, IL-1B, and IL-1la. IL-1a, IL-1B, and TNF-a were identified as
suitable biomarkers for bacteria-associated exacerbation. Bacteria-associated exacerbations also formed a cluster separate
from other exacerbation types in principal component analysis.

Conclusions. Measurement of cytokines in sputum from COPD patients could help identify bacteria-associated
exacerbations based on increased concentrations of IL-la, IL-1B, or TNF-o. This finding may provide a point-of-

care assessment to distinguish a bacterial exacerbation of COPD from other exacerbation types.
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Chronic obstructive pulmonary disease (COPD) is a common,
preventable, and treatable disease characterized by persistent
respiratory symptoms associated with progressive airflow lim-
itation, airway inflammation, and tissue damage [1]. COPD is
accompanied by episodes of acute exacerbations (AEs), which
are characterized by worsening symptoms, lead to faster lung
function decline, and are a major cause of COPD-related mor-
bidity and mortality [2, 3]. Airway inflammation during AE is
characterized by heterogeneous secretion of inflammatory
markers in the respiratory tract and serum. This heterogeneity
is due to different exacerbation types [4, 5]. Based on inflam-
matory profiling, 4 exacerbation subgroups have been
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identified (bacterial [B], viral [V], or eosinophil [E] predom-
inant, and pauci-inflammatory [Pauci]) [6] that may lead to
optimal treatment if the exacerbation subgroup can be identi-
fied quickly.

To study AE of COPD (AECOPD) incidence and the patho-
gens involved, a longitudinal study, Acute Exacerbation and
Respiratory InfectionS in COPD (AERIS), was conducted, in
which COPD patients with a history of AE were followed
monthly for 2 years [7]. The current exploratory study aimed
to analyze the relationships between cytokine expression in
sputum and patients’ clinical data to better understand
COPD and distinguish between exacerbation types.

We investigated the lung cytokine profile in sputum sam-
ples from the AERIS study by quantifying 30 cytokines in
sputum samples collected from 99 patients at stable state
and exacerbation visits. Univariate and multivariate analy-
ses addressed cytokine expression dynamics, comparing
stable and exacerbation states to define clusters and
cytokine signatures associated with viral, bacterial, and
inflammation-associated exacerbations. Figure 1 summariz-
es this study’s context, outcomes, and the impact for health-
care professionals.
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Plain Language Summary

Chronic obstructive pulmonary disease (COPD) is a progressive lung disease characterized by acute
worsening episodes (exacerbations) and is the third leading cause of death worldwide.

Exacerbations lead to a faster lung function decline and cause most of the COPD-related iliness and
death.

Four exacerbation types are known, and if these exacerbation types could be accurately and timely
distinguished in patients, exacerbation treatment might improve.

We measured 30 small immune proteins (cytokines) in 936 sputum samples from 99 COPD
patients that were collected for a year from routine and exacerbation visits. We compared the
cytokines between disease states and between exacerbation types.

Seventeen of the cytokines were suitable for analysis in sputum samples.

During exacerbations, the cytokines IL-17A, TNF-a, IL-1B, and IL-10 were >2-fold higher compared
to stable, routine visits. Nevertheless, these increases were insufficient to predict
exacerbations accurately.

When looking at exacerbation types, high expression of the cytokines IL-17A, TNF-a, IL-18, and IL-1a
was found in bacteria-associated exacerbations, and TNF-a, IL-1a, and IL-1B in particular were
identified as suitable biomarkers. A model was generated that identified bacteria-associated
exacerbations with high accuracy, specificity, and sensitivity. .

What is the impact?

Being able to determine which exacerbations are bacteria-associated can greatly improve the
treatment of bacteria-associated exacerbations and the quality of life of COPD patients.

In this way, patients with exacerbations that are not bacteria-associated are not unnecessarily
treated with antibiotics, and treatment with appropriate medication can start sconer, thus speeding

up and improving recovery.

o

Figure 1.  Plain language summary of the manuscript. Abbreviations: COPD, chronic obstructive pulmonary disease; IL, interleukin; TNF, tumor necrosis factor.

METHODS

Design and Setting

The AERIS study was a single-center, prospective, observa-
tional cohort study conducted at the University Hospital
Southampton, United Kingdom, registered with number
NCT01360398 (ClinicalTrials.gov). The AERIS study was
conducted in accordance with the Declaration of Helsinki
and Good Clinical Practice and has been approved by the
institutional ethics and review committee. All participants
provided written informed consent. COPD patients aged
40-85 years were included according to the AERIS study cri-
teria [7]. Because patients were lost to follow-up or withdrew
from the study mainly during the second year, we analyzed
only samples collected during the first year to avoid possible
bias due to missing outcome data. We selected participants
with >3 available visits (with or without exacerbation).

Sample Collection
All procedures for sputum sampling and pathogen detection
were described previously [7, 8]. Sputum sample processing

procedures for cytokine testing are available in the
Supplementary Methods. In brief, sputum samples were collect-
ed at study entry, monthly, and <72 hours of exacerbation by
spontaneous expectoration or induction and processed with
standard methods. The visits were designated either stable state
(ST) or exacerbation state (EX) based on disease state. EX repre-
sents the first exacerbation visit before treatment. Pathogens
were identified by culture and polymerase chain reaction
(PCR) [9].

Exacerbation Definition and Types
In the AERIS study, exacerbation was defined as (1) worsening
of 2 or more major symptoms (dyspnea, sputum volume or pu-
rulence), or (2) worsening of at least 1 major and 1 minor
symptom (wheeze, sore throat, cold, cough, and fever) [7]. In
addition, on exacerbation, patients were required to go to the
clinical center for sample collection. Patient continued to visit
the clinical center monthly for evaluation.

Samples collected before a patient’s recovery from an exacer-
bation were excluded from the cytokine analysis as ongoing
treatment may interfere with cytokine levels.
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The samples’ exacerbation types were defined as:

Bacterial (B) if DNA extracted from sputum was PCR posi-
tive for at least 1 of Haemophilus influenzae, Streptococcus
pneumoniae, Staphylococcus aureus, Moraxella catarrhalis,
or Pseudomonas aeruginosa.

Viral (V) if DNA extracted from sputum was PCR positive
for at least 1 of the viruses tested (Supplementary Table 1).

Eosinophilic (E) if sputum contained >3% eosinophils of
nonsquamous cells or if a blood sample contained >2%
eosinophils of total leukocytes.

Pauci if the sample was not defined as B, V, or E.
o Mixed if >1 type (B, V, or E) was detected. Mixed samples
were excluded from the analysis.

Measurements

We quantified 30 cytokines and chemokines (hereafter
“cytokines”) with the Meso Scale Discovery (MSD; Meso
Scale Diagnostics LLC, Rockville, Maryland) electrochemilu-
minescence V-plex human cytokine 30-plex panel Kkit
(Supplementary Table 2) following manufacturer’s protocols.
Plates were read by the MSD SECTOR Imager 6000 instru-
ment, and data were analyzed using MSD Discovery
Workbench software.

Assay characterization was performed to demonstrate that
the method had adequate reproducibility for the intended pur-
pose, establish plate and sample acceptance criteria, and con-
firm the quantification limits provided by MSD. Acceptance
criteria as well as spike and recovery experiments are detailed
in the Supplementary Methods. Precision analysis showed
that the factors “day” and “operator” had no impact on assay
variability and that the majority of cytokines showed coefficient
variation <25%.

Statistical Analyses

A linear mixed-effects model evaluated the differences between
groups (ST vs EX) or exacerbation types (B, V, E, Pauci) for
each cytokine. A logistic mixed model considered the contribu-
tion of all cytokines in predicting disease states simultaneously.
A principal component analysis (PCA) identified the principal
components (PCs) that accounted for the dataset variation.
To identify biomarkers, the receiver operating characteristic
(ROC) curve and area under the curve were plotted for
bacteria-associated versus other EX and for bacteria-associated
versus other ST.

RESULTS

Patients and Samples
We included 936 sputum samples from 99 participants (3-18
samples per participant, median: 10). Participants’ characteris-
tics are in Table 1.

Table 1. Participant Characteristics

Characteristic Participants (N = 99)

Age at enrollment, y, mean + SD 66.9+8.5
Female sex, No. (%) 43 (43.4)
COPD severity status at enrollment, No. (%)?
Mild 0(0.0)
Moderate 34 (46.6)
Severe 31 (42.5)
Very severe 8(11.0)
No. of exacerbations during the 12 study months
Mean + SD (range) 2.4 +2(0-8)
Median (IQR) 2 (1-3)

Abbreviations: COPD, chronic obstructive pulmonary disease; IQR, interquartile range; SD,
standard deviation.

#Available for 73 patients.

Cytokine Quantification

The 30 cytokines were measured in the 936 sputum samples
(raw data in Supplementary Figure 1). For each cytokine, the
values below the lower limit of quantification (LLOQ) were
set to the arbitrary low value of LLOQ/4, and the values above
the upper limit of quantification (ULOQ) were set to the arbi-
trary high value of ULOQ X 4. In subsequent analyses, cyto-
kines were included only if >20% of the values were between
the LLOQ and ULOQ. To avoid possible bias, cytokines for
which >8% of samples did not generate valid results were ex-
cluded. This left 17 cytokines for analysis (Supplementary
Table 2).

Four Cytokines Were Increased in EX Compared to ST

To identify differences in concentrations of the 17 cytokines be-
tween EX and ST, the estimated marginal mean and 95% con-
fidence interval (CI) were computed for each cytokine using a
linear mixed-effects model (Figure 2A). The geometric mean
ratio (GMR) of EX over ST was then calculated for each cyto-
kine. Univariate analysis showed that during EX, interleukin
(IL) 17A, tumor necrosis factor alpha (TNF-a), IL-1B, and
IL-10 concentrations were significantly increased (lower limit
of the GMR 95% CI >2) compared to ST (Figure 2B).

A multivariate logistic mixed model was applied to consider si-
multaneously the contribution of all cytokines in predicting the
disease state. The dataset was randomly split into a training
(75% of data) and a test set (25% of data) to evaluate the model’s
performance. The independent test set showed that the model had
88% accuracy and 97% specificity but only 39% sensitivity, which
is insufficient to predict the disease state. Only IL-10 and IL-17A
had a significant but weak positive effect (data not shown).

Specific Cytokine Signatures Mark Exacerbation Types and Disease
States

When grouping samples by exacerbation types (B, V, E, or Pauci)
and disease states (ST or EX), specific cytokine signatures
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Figure 2.  Sputum cytokines differentiate between stable state (ST) and exacerbation state (EX). Cytokine concentrations were measured in sputum samples (n = 936)
obtained from 99 participants during ST (n=701) and EX (n=235) visits. A, Depicted are the estimated marginal means (EMMs) from a linear mixed-effects model.
Vertical axis shows cytokine concentrations in pg/mL. Circles: EMM:; bar: 95% confidence interval of the EMM. B, Geometric mean concentration (GMC) ratios of EX
over ST. The GMCs at EX of IL-17A, TNF-a, IL-1B, and IL-10 are >2-fold higher compared to the GMCs at ST. Abbreviations: Cl, confidence interval; EMIM, estimated marginal
mean; EX, exacerbation state; GMR, geometric mean ratio; IFN, interferon; IL, interleukin; MCP, monocyte chemoattractant protein; MIP, macrophage inflammatory protein;

ST, stable state; TNF, tumor necrosis factor.

emerged for the various groups (Figure 3). For instance, interfer-
on gamma (IFN-y) was high in EX samples with a viral pathogen,
and IL-10 was high in EX samples with any pathogen (B or V).

A Proinflammatory Cytokine Signature Correlates With Bacterial EX

A clear and significant separation between groups was observed
for bacteria-associated exacerbations. The resulting proinflam-
matory cytokine signature was based on high expression of
IL-17A, TNF-a, IL-1PB, and IL-1a (Figure 3). In contrast, no cy-
tokine signature could differentiate between the other exacer-
bation types.

To identify biomarkers for bacteria-associated exacerba-
tions, ROC curves were analyzed in an ad hoc dataset obtained
by randomly selecting 1 exacerbation per participant (63 sam-
ples) (Supplementary Figure 2). The most suitable biomarkers
for determining bacteria-associated exacerbation were IL-1a
(a threshold of 46 pg/mL had 80% sensitivity and 82% specific-
ity), IL-1B (a threshold of 125 pg/mL had 66% sensitivity and
93% specificity), and TNF-a (a threshold of 40 pg/mL had
74% sensitivity and 89% specificity).

To investigate the combined contribution of IL-1a, IL-1p,
and TNF-a as biomarkers for bacteria-associated exacerbations,

we evaluated whether sensitivity and specificity changed if the
levels of IL-1a, IL-1PB, and TNF-a were all (or 2 of 3) above the
respective thresholds. The biomarker combinations increased
the specificity of predicting bacteria-associated exacerbations
to 97%-100% (Supplementary Table 3).

Bacteria-Associated Exacerbations Form a Separate PCA Cluster
PCAs identified the PCs that accounted for most variation be-
tween exacerbation types in the ST and EX datasets (Figure 4).
The scatterplot of EX sputum samples revealed that 63.7% of
the variance was explained by PC1 (50.3%) and PC2 (13.4%)
and that bacteria-associated exacerbation formed a distinct clus-
ter characterized by high PC1 and PC2 values (Figure 4A). In
contrast, the clusters associated with V, E, and Pauci overlapped
(Figure 4A).

The PCs were used to build a logistic model to predict
bacteria-associated exacerbations:

y = Bo + B1PC1 + B2PC2 + B3PC3

where y is 1 if the exacerbation is bacteria-associated or 0 if
the exacerbation is not bacteria-associated (V, E, or Pauci).
B1, B2, and B3 are the PCs’ respective coefficients, and Po is
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Figure 3.  Sputum cytokine signatures correlate with the type of exacerbation (bacterial [B], eosinophilic [E], viral [V], Pauci) and disease state. Cytokine concentrations were
measured in sputum samples (n =513) obtained from 99 participants during stable state (ST, n=2369) and exacerbation state (EX; n = 144) visits (samples with mixed
exacerbation types were not included). Depicted are the estimated marginal means (EMMs) and 95% confidence intervals (Cls) computed using a mixed effect specific
for each cytokine grouped by type of exacerbation and disease state. Note that mixed exacerbation types (BV, BE, VE, BVE) were excluded, leaving 513 sputum samples
for this analysis. Number of samples in each group: n=16 in V ST, n=106 in Pauci ST, n=69 in E ST, n=178 in B ST, n=21in V EX, n =33 in Pauci EX, n=22 in
E EX, and n =68 in B EX. Horizontal axis shows cytokine concentration in pg/mL. Circles: EMM; bar: 95% Cl of the EMM. Abbreviations: B, bacterial; Cl, confidence interval;
E, eosinophilic; EMM, estimated marginal mean; EX, exacerbation state; IFN, interferon; IL, interleukin; MCP, monocyte chemoattractant protein; MIP, macrophage inflam-
matory protein; ST, stable state; TNF, tumor necrosis factor; V, viral.

Standardized PC2 (13.4% explained variance)

2

Figure 4.
scatterplots, each dot represents 1 sample, color-coded by exacerbation type. A, PCA of 63 EX sputum samples, 1 per participant. B, PCA of 93 stable state samples, 1 per
participant. Abbreviations: B, bacterial; E, eosinophilic; PC, principal component; V, viral.
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Principal component analysis (PCA) distinguishes a cluster of bacterial exacerbation state (EX) samples from other exacerbation types and disease states. PCA
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the intercept. To evaluate the model’s performance, we ran-
domly split the data into a training and a test set. Model param-
eters were evaluated on a balanced training set containing 70%
of the data. Only PC1 and PC2 had a significant positive effect
in predicting bacterial exacerbation. By applying the model to
the independent test set, we measured an accuracy of 88%, spe-
cificity of 83%, and sensitivity of 90%.

The scatterplot of ST sputum samples revealed that 66.0% of
the variance was explained by PC1 (51.9%) and PC2 (14.1%).
None of the exacerbation type groups formed a distinct cluster
(Figure 4B).

DISCUSSION

This exploratory study showed the feasibility of monitoring
multiple cytokines in sputum from COPD patients. We applied
univariate and multivariate analyses to examine the expression
of the cytokines, comparing disease states and exacerbation
types. This way, we identified a specific cytokine signature
that correlated with bacteria-associated exacerbations.

Increased levels of IL-17A, TNF-a, IL-1B, and IL-10 were de-
tected in sputum during the EX compared to the ST visits. We
should consider that COPD is a complex and multifactorial dis-
ease, where inflammation represents 1 of the factors involved in
pathogenesis, and cytokines may play an important role in am-
plifying or regulating the inflammatory response. For instance,
IL-1 is implicated in inflammation and may promote the pro-
duction of other proinflammatory cytokines, although exces-
sive production of IL-1 could contribute to lung tissue
destruction. In this context, IL-1 inhibitors have been studied
as a potential treatment for COPD [10]. Similarly, TNF-a is
also a potent proinflammatory cytokine involved in the regula-
tion of various immune responses. In COPD exacerbation,
TNF is produced in excess and contributes to the recruitment
and activation of immune cells, particularly neutrophils and
macrophages, and induces the release of other inflammatory
cytokines, amplifying the inflammatory response and contrib-
uting to tissue damage and airflow limitation [11, 12]. Finally,
while the role of IL-17A in COPD is still being investigated,
some studies suggest that IL-17A may contribute to chronic
lung inflammation and worsening of symptoms [13]. The
raised levels of the proinflammatory cytokines we detected in
sputum during the EX compared to the ST visits corroborate
the above considerations.

However, due to the low sensitivity, the model based on the
cytokine data could not be used to differentiate the disease
states. In a previous study, sputum IL-1p and TNF-a concen-
trations were also increased in EX versus ST. That study found
TNFRI, TNFRII, IL-6, C-C motif chemokine ligand (CCL) 5,
and CCL4 concentrations to be increased as well [6], but except
for IL-6, these were not included in our 30-plex. In addition,
none of their biomarkers differentiated disease states [6].

Interestingly, although IL-10 and IL-17A were included in their
analyses, these were not increased in their EX samples. A smaller
number of EX samples (n = 182) compared to our dataset (n =
235) may have contributed to this difference, as well as different
exacerbation type definitions. While we excluded all samples
with mixed types, they included mixed samples and categorized
them based on the predominant exacerbation type [6]. In anoth-
er study, TNF-o was also significantly different between ST and
EX sputum samples, while IL-17A, IL-1p, and IL-10 were not
measured [5].

When comparing exacerbation types, we found that
bacteria-associated exacerbations had a clear proinflammatory
cytokine signature based on high expression of IL-17A, TNF-a,
IL-1B, and IL-1a, distinct from the other exacerbation types.
These results confirm that bacterial exacerbations in COPD
are commonly associated with increased production of proin-
flammatory cytokines. Also, in line with the cytokine signature
is that IL-1 inhibitors have been studied as potential COPD
treatment [10].

In Sethi and colleagues’” study of COPD patients with only
bacterial exacerbations, TNF-a concentration was also signifi-
cantly increased in EX sputum [4]. They detected significant in-
creases of IL-8 and neutrophil elastase as well; however, these
were not analyzed in our study. They did not analyze IL-17A,
IL-1B, or IL-1a in their sputum samples [4]. In a small study
focused on the lung microbiome, TNF-o was high in the cluster
of (mainly EX) samples enriched for the bacterial pathogens
Pseudomonas and Haemophilus compared to clusters enriched
for other bacteria or mainly composed of ST samples. IL-17A
was also analyzed in that study, but IL-1p and IL-1a were not
[14]. In a study of sputum from ST patients, IL-1B, IL-10,
and TNF-a were found to be increased in samples positive
for H influenzae or M catarrhalis, 2 common pathogens in
AECOPD, and bacterial loads for both pathogens were corre-
lated with TNF-a [15].

In further analyses, we found that IL-1¢, IL-1B, and TNF-a
were the most suitable biomarkers for predicting bacteria-
associated exacerbations. These results were confirmed in the
multivariate modeling using PCA, where bacteria-associated
exacerbations formed a cluster distinct from the other exacer-
bation types. A logistic model based on the PCs was able to
determine whether an exacerbation was bacteria-associated
with high accuracy, specificity, and sensitivity. This finding
may provide a rapid, point-of-care assessment to distinguish
bacteria-associated AECOPD from AECOPD due to other
causes, which can be used in a routine clinical care setting.
Being able to distinguish different causes of AECOPD quickly
will improve timely treatment with appropriate medication
and may thus improve patients’ recovery.

Previously, also in the AERIS cohort, it was found that
increased eosinophils in the blood (>2%) at ST predicted
EX visits [16].

eosinophil-associated inflammation at
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Together with the biomarkers we identified for predicting
bacteria-associated exacerbations, we can now distinguish 2
of 4 exacerbation types. The 4 exacerbation types likely repre-
sent discrete pathophysiological entities. The ability to identify
bacteria-associated exacerbations and the convenience of per-
forming the test on sputum rather than on a blood sample
will likely affect the management of AECOPD, which com-
monly includes antibiotic treatment for all exacerbations
[17], and may thus reduce unnecessary antibiotic use.

The evidence obtained through our study aligns with the
fact that bacterial exacerbations in COPD are commonly asso-
ciated with increased production of proinflammatory cyto-
kines, including IL-1, TNF-q, IL-10, and IL-17A [6, 11, 13].
Indeed, bacterial exacerbations occur when a superimposed
bacterial infection arises on the existing chronic inflammation
and airway damage. The bacteria trigger a heightened immune
response, leading to the release of various inflammatory medi-
ators, including the cytokines mentioned above. On the other
hand, viral exacerbations are triggered by viral respiratory in-
fections that typically stimulate a different cytokine profile.
The production of the type I interferons IFN-o and IFN-f
(not measured in our study) is a hallmark of antiviral immune
responses. However, in viral exacerbations, other cytokines,
such as IL-6 and IL-8, may be involved, contributing to airway
inflammation and symptoms [18, 19]. Finally, eosinophilic exac-
erbations, which are characterized by an increase in eosinophils
in the airways, are often associated with an allergic or atopic
component and the cytokine profile in eosinophilic exacerba-
tions involves IL-5, which plays a central role in eosinophil re-
cruitment and activation [20, 21]. Moreover, cytokines such as
IL-4 and IL-13, which are associated with Th2-type immune re-
sponses, are also increased in eosinophilic exacerbations [21].

One limitation of our study was that while 936 samples were
analyzed in total, only 235 of these (25.1%) were from EX visits,
resulting in a relatively small sample size for the subsets of ex-
acerbation types studied. This may have affected the possibility
of detecting a significant difference between the groups, if pre-
sent. Nonetheless, this is the largest number of EX samples in
which biomarkers were analyzed, as the other studies refer-
enced here included 177 [4], 148 [6], 36 [5], and 31 [14] EX spu-
tum samples. Future studies should strive to verify our findings
in larger cohorts. Furthermore, a second limitation lies in
the fact that this is a single-center study performed in the
United Kingdom, which may have limited ethnic diversity.
Therefore, our findings must be replicated across multiple cen-
ters and ethnicities to determine whether they are universal be-
fore they can be implemented in clinical settings. A third
limitation of our study is that although we analyzed many cy-
tokines, some markers assessed in other studies were not ana-
lyzed. Therefore, our analyses need to be extended to include all
markers that have been reported to differentiate between dis-
ease states or exacerbation types in various studies.

A strength of the study was using an electrochemilumi-
nescence-based multiplex immunoassay that allowed for the si-
multaneous, sensitive, and accurate analysis of a large number of
compounds, in this case 30 cytokines and chemokines, in a single
small sample. The assay generates a large number of data points
that can be investigated quickly to identify suitable biological
markers.

In conclusion, the concentration of cytokines in sputum of
AECOPD patients can predict with high confidence whether
the exacerbation is associated with a bacterial infection. In par-
ticular, increased concentrations of IL-1a, IL-1B, and TNF-a
indicate a bacteria-associated exacerbation, while in combina-
tions these cytokines provide predictions with 97%-100% spe-
cificity. This finding provides a rapid, point-of-care assessment
to distinguish bacteria-associated AECOPD from AECOPD
due to other causes, which can be used in a routine clinical
care setting. It can thus help avoid the unnecessary use of anti-
biotics and potentially improve exacerbation treatment and pa-
tients’ quality of life.

Supplementary Data

Supplementary materials are available at The Journal of

Infectious Diseases online (http://jid.oxfordjournals.org/).
Supplementary materials consist of data provided by the author
that are published to benefit the reader. The posted materials
are not copyedited. The contents of all supplementary data
are the sole responsibility of the authors. Questions or messages

regarding errors should be addressed to the author.

Notes

Acknowledgments. The authors thank Ashwani K. Arora
(GSK) for his contribution to the study and his critical review
of the manuscript; Ida Paciello (Toscana Life Sciences) for
her contribution to the data acquisition; and the members of
the AERIS and GSK study groups for their contribution to
the study. The authors thank Business & Decision Life
Sciences Medical Communication Service Center for editorial
assistance and manuscript coordination, on behalf of GSK.
Esther van de Vosse, on behalf of GSK, provided medical writ-
ing support. Meso Scale Discovery (MSD), SECTOR, V-plex,
and Discovery Workbench are trademarks of Meso Scale
Diagnostics, LLC.

Author contributions. S. B., C. L., S. R,, V. W, and S. R. P.
contributed to the study design and methods. M. T., S. A,
M. Ba, and M. Br. were responsible for data acquisition.
M. T,S B, M.S,FE S, M. Ba, C.L,S. R, M. C,, T. M. A.
W., M. Br,, and S. R. P. performed data analysis and/or data in-
terpretation. All authors read and edited the manuscript. All au-
thors had full access to all the data, approved the final version of
the manuscript, and had final responsibility for the decision to
submit for publication.

ell118 « JID 2024:230 (15 November) « Budroni et al


http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiae232#supplementary-data
http://jid.oxfordjournals.org/
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiae232#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiae232#supplementary-data

Data availability. Anonymized individual participant data
and study documents can be requested for further research
from www.clinicalstudydatarequest.com.

Disclaimer. GlaxoSmithKline Biologicals SA was involved in
all stages of study conduct, including analysis of the data.
GlaxoSmithKline Biologicals SA also took charge of all costs asso-
ciated with the development and publication of this manuscript.

Financial support. This work (NCT01360398) was support-
ed by GlaxoSmithKline Biologicals SA.

Potential conflicts of interest. S. B, M. T, M. S, S. A, E. S,,
M.Ba,C.L,S.R,V.W, M. C,, M. Br,,and S. R. P. are employ-
ees of GSK; M. Ba,, C.L,,S.R,, V.W, M. C,, M. Br.,,and S. R. P.
also hold financial equities in GSK. S. B., M. T., M. S, E. S,
M. Ba, S. R., and S. R. P. declare a patent filling on cytokines
as biomarkers. C. L. declares a patent filling relating to
SARS-CoV-2, and is the co-leader for AVDTIG subgroup as
GSK representative. V. W. declares patents related to vaccine
development in the field of COPD. T. M. A. W. discloses pay-
ment of a grant to his institution by GSK for the conduct of this
study. He also declares payment of grants to his institution by
AstraZeneca (AZ), Bergenbio, UCB, Synairgen, Janssen, Sanofi,
National Institute for Health and Care Research (NIHR), and
UK Research and Innovation, outside this study. T. M. A. W.
received consulting fees from AZ, GSK, Synairgen, my mhealth
Itd, Sanofi, Janssen, and OM pharm; payment from AZ, GSK,
and Roche for lectures, presentations, speakers’ bureaus, man-
uscript writing, and educational events; and support from AZ
for travel to meeting(s). T. M. A. W. also discloses a patent filed
by university on lung imaging platform; participation on a data
and safety monitoring board or advisory board for Synairgen
and NIHR; payment to institution for his role of national clin-
ical lead for National Respiratory Audit Programme (NRAP),
Royal College of Physicians; medical writing support from
AZ, UCB, and Sanofi Pfizer; and stocks in my mhealth Itd.
Authors declare no other financial and non-financial relation-
ships and activities.

All authors have submitted the ICMJE Form for Disclosure
of Potential Conflicts of Interest. Conflicts that the editors con-
sider relevant to the content of the manuscript have been
disclosed.

References

1. Decramer M, Janssens W, Miravitlles M. Chronic
obstructive pulmonary disease. Lancet 2012; 379:1341-51.

2. Donaldson GC, Seemungal TA, Bhowmik A, Wedzicha JA.
Relationship between exacerbation frequency and lung
function decline in chronic obstructive pulmonary disease.
Thorax 2002; 57:847-52.

3. European Respiratory Society. Chapter 13: Chronic obstruc-
tive pulmonary disease. In: Gibson GJ, Loddenkemper R,
Sibille Y, Lundbédck B, eds. European lung white book:

10.

11.

12.

13.

14.

15.

16.

Respiratory health and disease in Europe. 2nd ed. Sheffield,
UK: European Respiratory Society, 2013:155.

. Sethi S, Wrona C, Eschberger K, Lobbins P, Cai X,

Murphy TF. Inflammatory profile of new bacterial strain
exacerbations of chronic obstructive pulmonary disease.
Am ] Respir Crit Care Med 2008; 177:491-7.

. Tangedal S, Nielsen R, Aanerud M, et al. Sputum microbio-

ta and inflammation at stable state and during exacerba-
tions in a cohort of chronic obstructive pulmonary
disease (COPD) patients. PLoS One 2019; 14:e0222449.

. Bafadhel M, McKenna S, Terry S, et al. Acute exacerbations

of chronic obstructive pulmonary disease: identification of
biologic clusters and their biomarkers. Am J Respir Crit
Care Med 2011; 184:662-71.

. Bourne S, Cohet C, Kim V, et al. Acute Exacerbation and

Respiratory InfectionS in COPD (AERIS): protocol for a
prospective, observational cohort study. BMJ Open 2014;
4:e004546.

. Wilkinson TMA, Aris E, Bourne S, et al. A prospective, ob-

servational cohort study of the seasonal dynamics of airway
pathogens in the aetiology of exacerbations in COPD.
Thorax 2017; 72:919-27.

. Malvisi L, Taddei L, Yarraguntla A, Wilkinson TMA,

Arora AK; AERIS Study Group. Sputum sample positivity
for Haemophilus influenzae or Moraxella catarrhalis in
acute exacerbations of chronic obstructive pulmonary dis-
ease: evaluation of association with positivity at earlier sta-
ble disease timepoints. Respir Res 2021; 22:67.

Osei ET, Brandsma CA, Timens W, Heijink IH, Hackett
TL. Current perspectives on the role of interleukin-1 sig-
nalling in the pathogenesis of asthma and COPD. Eur
Respir ] 2020; 55:1900563.

Aaron SD, Angel JB, Lunau M, et al. Granulocyte inflam-
matory markers and airway infection during acute exacer-
bation of chronic obstructive pulmonary disease. Am ]
Respir Crit Care Med 2001; 163:349-55.

Barnes PJ. Mediators of chronic obstructive pulmonary
disease. Pharmacol Rev 2004; 56:515-48.

Liu M, Wu K, Lin J, et al. Emerging biological functions of
IL-17A: a new target in chronic obstructive pulmonary dis-
ease? Front Pharmacol 2021; 12:695957.

Xue Q, Xie Y, He Y, et al. Lung microbiome and cytokine
profiles in different disease states of COPD: a cohort study.
Sci Rep 2023; 13:5715.

Barker BL, Haldar K, Patel H, et al. Association between
pathogens detected using quantitative polymerase chain
reaction with airway inflammation in COPD at stable state
and exacerbations. Chest 2015; 147:46-55.

Kim VL, Coombs NA, Staples K]J, et al. Impact and associ-
ations of eosinophilic inflammation in COPD: analysis of
the AERIS cohort. Eur Respir J 2017; 50:1700853.

Cytokines in AECOPD Sputum « JID 2024:230 (15 November) « e1119


http://www.clinicalstudydatarequest.com

17.

18.

19.

Hunter MH, King DE. COPD: management of acute exac-
erbations and chronic stable disease. Am Fam Physician
2001; 64:603-12.

Rohde G, Borg I, Wiethege A, et al. Inflammatory response
in acute viral exacerbations of COPD. Infection 2008; 36:
427-33.

Feng Y, Liu E. Detection of respiratory viruses and
expression of inflammatory cytokines in patients with

20.

21.

acute exacerbation chronic obstructive pulmonary
disease in Mongolia China. Braz ] Biol 2021; 82:
€231134.

Narendra DK, Hanania NA. Targeting IL-5 in COPD. Int ]
Chron Obstruct Pulmon Dis 2019; 14:1045-51.

Barnes PJ. Targeting cytokines to treat asthma and chronic
obstructive pulmonary disease. Nat Rev Immunol 2018;
18:454-66.

el120 « JID 2024:230 (15 November) « Budroni et al



	Cytokine Biomarkers of Exacerbations in Sputum From Patients With Chronic Obstructive Pulmonary Disease: A Prospective Cohort Study
	METHODS
	Design and Setting
	Sample Collection
	Exacerbation Definition and Types
	Measurements
	Statistical Analyses

	RESULTS
	Patients and Samples
	Cytokine Quantification
	Four Cytokines Were Increased in EX Compared to ST
	Specific Cytokine Signatures Mark Exacerbation Types and Disease States
	A Proinflammatory Cytokine Signature Correlates With Bacterial EX
	Bacteria-Associated Exacerbations Form a Separate PCA Cluster

	DISCUSSION
	Supplementary Data
	Notes
	References


