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Abstract
Inhaled corticosteroids (ICS) are the most commonly used anti-inflammatory drugs for the treatment of
COPD. COPD has been previously described as a “corticosteroid-resistant” condition, but current clinical
trial evidence shows that selected COPD patients, namely those with increased exacerbation risk plus
higher blood eosinophil count (BEC), can benefit from ICS treatment. This review describes the
components of inflammation modulated by ICS in COPD and the reasons for the variation in response to
ICS between individuals. There are corticosteroid-insensitive inflammatory pathways in COPD, such as
bacteria-induced macrophage interleukin-8 production and resultant neutrophil recruitment, but also
corticosteroid-sensitive pathways including the reduction of type 2 markers and mast cell numbers. The
review also describes the mechanisms whereby ICS can skew the lung microbiome, with reduced diversity
and increased relative abundance, towards an excess of proteobacteria. BEC is a biomarker used to enable
the selective use of ICS in COPD, but the clinical outcome in an individual is decided by a complex
interacting network involving the microbiome and airway inflammation.

Introduction
COPD is characterised by poorly reversible and often progressive airflow obstruction, accompanied by
persistent airway inflammation. The typical clinical features include dyspnoea, cough and sputum
production. Some patients experience exacerbation events, with rapid symptom deterioration that requires
additional treatment [1].

Inhaled corticosteroids (ICS) are the most commonly used anti-inflammatory drugs for the treatment of
COPD. Randomised controlled trials (RCTs) in COPD patients with a history of exacerbations have
demonstrated the clinical benefits of ICS treatment, including exacerbation rate reduction and improved
quality of life [2–4]. ICS are usually administered as part of a combination with either a long-acting
β-agonist (LABA) or as part of triple therapy with a LABA and long-acting muscarinic antagonist (LAMA).
RCTs have shown that blood eosinophil count (BEC) at the start of the study (in the stable state) can predict
the subsequent clinical benefit of ICS on exacerbation prevention, with a threshold of <100 cells·µL−1

identifying individuals who are unlikely to benefit while >300 cells·µL−1 identifies individuals with a high
probability of benefit from ICS treatment [5–7]. The use of BEC in routine clinical practice enables
clinicians to more precisely target ICS towards selected patients who are more likely to experience a benefit.

Publications have historically described COPD as a “corticosteroid-resistant” condition [8, 9]. However, the
evidence from RCTs that ICS-containing combination treatments prevent exacerbations in the subgroup of
COPD patients with both increased exacerbation risk plus higher BEC demonstrates that there is a clinical
benefit, albeit in selected patients. COPD is a heterogeneous condition [1] and the variation between
individuals in the clinical response to ICS likely reflects the heterogeneous nature of pulmonary
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inflammation. The relationship between clinical response and BEC [5–7] indicates that an ICS-sensitive
profile of airway inflammation is present in some, but not all, COPD patients.

The clinical effects of ICS in COPD have been well described elsewhere [7, 10, 11] and it is not our aim
to provide an extensive review of clinical outcomes here. Instead, this review aims to further our
understanding of the inflammatory pathways targeted by ICS by focusing on evidence from studies
performed in COPD patients. This evidence also provides mechanistic insights that can explain the variable
nature of the therapeutic response to ICS in COPD.

ICS: clinical benefits versus risk
RCTs conducted in COPD patients with a history of at least one exacerbation in the year before the study
have shown that ICS/LABA combinations reduce exacerbation rates compared with LABA monotherapy,
with the effect size being ∼25% in many studies [10, 12]. Single-inhaler triple-therapy studies have also
shown that the ICS component prevents exacerbations, with the two largest RCTs again showing that the
magnitude was ∼25% reduction [2, 3]. The ICS effect on exacerbation reduction is greater in individuals at
higher exacerbation risk (i.e. at least two moderate exacerbations or one severe exacerbation in the previous
year), although there is still a significant benefit in individuals at lower exacerbation risk (one moderate
exacerbation in the previous year) [13, 14]. There has been debate regarding the potential inclusion of
patients with concomitant asthma within these single-inhaler triple-therapy studies, although it should be
noted that all the included patients had a physician diagnosis of COPD with a smoking history plus
meeting relevant lung function criteria [15].

There is also evidence that single-inhaler triple therapy reduces mortality compared with LABA/LAMA
combination treatment in COPD patients at increased risk of exacerbations [2, 3]. It is known that
exacerbations, and particularly hospitalisations, are a cause of increased mortality [16], so prevention of
exacerbations is a likely explanation for this ICS-related mortality benefit. There is an increase in
cardiovascular events, including myocardial infarctions, during and immediately after an exacerbation
[17, 18]. It is therefore possible that, through exacerbation prevention, ICS can reduce the incidence of
adverse cardiovascular events. Indeed, there was a reduction in cardiovascular deaths with triple therapy
compared with LAMA/LABA [19, 20].

ICS can cause side-effects including pneumonia, osteoporosis, diabetes and cataracts [1]. Cross-trial
comparisons of ICS formulations are problematic, with different criteria for recording pneumonia.
Additionally, there are risk factors for pneumonia in COPD, including age, lower forced expiratory volume
in 1 s (FEV1) and lower body mass index, which cause different pneumonia rates according to population
characteristics [21]. The potential benefits of ICS treatment (within a combination inhaler) therefore need
to be weighed against the potential risk on an individual basis. The use of clinical information plus BEC
enables clinicians to optimise the therapeutic index (risk/benefit ratio) at an individual level.

Corticosteroids: mechanism of action
Corticosteroids bind to the glucocorticoid receptor (GR), a ligand-dependent transcription factor which
resides in the cytoplasm. Within the N-terminus of GR, there are numerous phosphorylation sites which
alter GR function through ligand binding, nuclear localisation, modulating interactions with co-regulators
or transcriptional activation [22, 23]. The serine phosphorylation sites S211 and S226 have functional
importance and roles in subcellular localisation. GR–ligand nuclear translocation is associated with
phosphorylation of S211 and phosphorylation of S226 is known to cause nuclear GR export [22].

Upon translocation to the nucleus the GR–ligand complex can suppresses pro-inflammatory gene
transcription (transrepression) or activate anti-inflammatory gene expression (transactivation). Such
transrepression/transactivation occurs by binding to glucocorticoid response elements at the promoter/
enhancer regions of responsive genes or as result of binding and inhibition of transcription factors, including
NF-κB or activator protein-1 [24]. This transcription factor inactivation decreases transcription and synthesis
of pro-inflammatory cytokines, such as tumour necrosis factor (TNF)-α, which are upregulated in the airways
of COPD patients [25], resulting in anti-inflammatory effects. Corticosteroids do not, however, target all the
inflammatory pathways involved in COPD pathogenesis. GR activation has been shown to cause
transrepression of a subset of inflammatory response genes in mouse macrophage models [26]. This
highlights that corticosteroids target a proportion of the inflammatory cascade in a signal-specific manner.
The selective targeting of some, but not all, components of the immune response by corticosteroids is highly
relevant when considering the effects of ICS in COPD. Understanding which COPD inflammatory pathways
are corticosteroid sensitive or insensitive can help with the development of biomarkers to predict ICS
response and the development of novel therapeutics against insensitive pathways.
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Macrophage cell culture studies: evidence for corticosteroid-sensitive and -insensitive pathways
in COPD
To further understand the sensitivity of inflammatory pathways to corticosteroids, we reviewed studies
using COPD lung cells cultured ex vivo. The majority of this cell culture evidence utilises lung
macrophages, as these cells are practically feasible to obtain by bronchoscopy or from lung surgical
specimens. Macrophages play key roles in the pathophysiology of COPD. There are different macrophage
subsets in the lungs, showing varying degrees of pro-inflammatory, regulatory and phagocytic ability [27].
Alveolar macrophage numbers are increased in COPD patients versus controls [28, 29]. These cells
release pro-inflammatory cytokines and chemokines, including the neutrophil chemoattractant interleukin
(IL)-8 [25]. COPD macrophages display dysfunctional behaviour, including impaired ability to
phagocytose bacteria [30].

In a study published in 2003 by CULPITT et al. [8], corticosteroids showed less suppression of cigarette
smoke- and IL-1β-induced IL-8 release from COPD versus smoking control lung macrophages. The
difference between groups was small and maximal inhibition was <50% in both groups, indicating a
suboptimal effect of corticosteroids even in the control group. The same research group reported that
corticosteroid inhibition of lipopolysaccharide (LPS)-induced IL-8 and TNF-α release from COPD and
smoking control lung macrophages was similar, albeit lower, compared with non-smokers [31]. Although
numerical percentage inhibition data were not stated, inspection of the graphs shows that IL-8 was more
insensitive to corticosteroid inhibition than TNF-α. Another study reported that LPS-induced IL-8 release
from COPD lung macrophages was more corticosteroid insensitive compared with smoking and
non-smoking controls, but the corticosteroid sensitivity of IL-6, monocyte chemoattractant protein-1 and
matrix metalloproteinase-9 was similar between groups [32]. At the time, the interpretation of these studies
concentrated on the concept that COPD macrophages are corticosteroid resistant. Additionally, it was
proposed that the mechanism responsible was reduced histone deacetylase 2 activity, causing reduced GR
deacetylation and thereby decreasing binding and transrepression of NF-κB-mediated gene transcription
[33]. However, the results had complexity, with two important features consistently observed: 1) the
magnitude of any differences between COPD and controls was small, and not observed across all
cytokines, and 2) the corticosteroid sensitivity varied between pro-inflammatory mediators, with
suppression of IL-8 being relatively insensitive even in control samples. Different stimulants were used in
these cell culture studies, which may cause differences between studies.

We have previously conducted a pooled analysis of seven lung macrophage studies of the
anti-inflammatory effects of corticosteroids (n=92 COPD patients and controls), to overcome potential
sample size issues [34–41]. The group mean data showed that corticosteroid inhibition of TNF-α, IL-6 and
IL-8 was similar in COPD patients compared with smoking and non-smoking controls. Additionally, there
was lower maximal inhibition of LPS-induced IL-8 (<60%) compared with TNF-α and IL-6 (∼80%).
These data show that some pro-inflammatory mediators within the innate immune system are relatively
corticosteroid sensitive, while there are also insensitive pathways, including IL-8 production. There was
marked intersubject variability of corticosteroid inhibition, particularly in COPD patients. This intersubject
variation may have clinical relevance, mirroring the variable clinical response to corticosteroid treatment.
This variability can have a greater influence in studies with smaller sample sizes. For example, in a
subsequent smaller study, we observed reduced corticosteroid inhibition of TNF-α and IL-10 in COPD
versus smoking controls but similar corticosteroid sensitivity of IL-6 [42].

The reduced corticosteroid sensitivity of macrophage-derived IL-8 secretion has been investigated using
Haemophilus influenzae-exposed lung macrophages; IL-8 release was completely insensitive to
corticosteroid inhibition in both controls and COPD patients [43, 44]. Macrophage exposure to
H. influenzae causes prolonged production of IL-8 [45]. H. influenzae exposure also increased GR S226
phosphorylation, implicating increased nuclear GR export as a mechanism by which bacteria can alter the
anti-inflammatory capabilities of corticosteroids [44]. This suggests a corticosteroid-insensitive pulmonary
macrophage–IL-8–neutrophil axis in COPD, as COPD patients colonised with H. influenzae have higher
numbers of airway neutrophils [46], which could arise through corticosteroid-insensitive IL-8 secretion
from macrophages. Furthermore, pulmonary neutrophils are less sensitive to corticosteroid inhibition of
TNF-α and IL-8 compared with blood neutrophils [47].

IL-8 shares the same chromosome locus as other genes (chemokine C-X-C motif ligand (CXCL) 1,
CXCL2 and CXCL3) also found to be insensitive to corticosteroids in monocyte-derived macrophages
[48]. Similar observations have been reported in murine macrophages [26]. This suggests that IL-8 is
inherently less sensitive than other cytokines to corticosteroid inhibition. GR-mediated repression of gene
transcription is dependent on access to the gene promoter. Chromatin remodelling specific to the IL-8
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promoter can occur, including p38 mitogen-activated protein kinase-dependent changes, which may limit
GR access to the IL-8 promoter [49–51]. Interestingly, this does not occur at the TNF-α promoter [51],
explaining the differences in maximal corticosteroid inhibition that we and others have observed.

The anti-inflammatory effects of corticosteroids have been studied in several lymphocyte models. Using
enriched CD8+ T-cells from blood and lung tissue, dexamethasone inhibition of the T-helper 1 cytokines
interferon (IFN)-γ and IL-2 was similar between COPD patients and controls, reaching maximal inhibition
of ∼60% [52, 53]. Conversely, KAUR et al. [54] observed similar dexamethasone inhibition of IL-2 but
reduced inhibition of IFN-γ in unselected bronchoalveolar lavage lymphocytes from COPD patients versus
controls (∼50% versus ∼75% inhibition, respectively), suggesting that the corticosteroid sensitivity of
these mediators is reduced in COPD. GRUNDY et al. [52, 53] enriched for CD8+ cells, while KAUR et al.
[54] used a mixed bronchoalveolar lavage lymphocyte population, which may have contained more
corticosteroid-insensitive cells such as the subpopulation of CD28null T-cells [55].

Bronchial epithelial cells have been used to study corticosteroids. Inhibition of TNF-α-induced IL-8 release
was found to be similar between COPD patients and smoking and non-smoking controls, reaching
maximal inhibition of ∼50%, while corticosteroid inhibition of granulocyte–macrophage colony-
stimulating factor release was marginally more sensitive in non-smokers [56]. Another study showed that
corticosteroid inhibition of poly(I:C)-induced IL-8 release was similar in COPD patients and smokers
(maximal inhibition of 20%) but higher in non-smokers (60%) [57]. We found no difference in
corticosteroid inhibition of poly(I:C)-induced IL-6 and CXCL10 release when comparing COPD patients
with smokers [42]. The major positive finding in these studies appears to be greater corticosteroid
sensitivity in non-smokers, with no differences between COPD patients and smokers. This suggests that
oxidative stress caused by smoking itself is a key driver of reduced sensitivity to corticosteroid inhibition
of cytokine production from epithelial cells.

Overall, these studies using lung cells from COPD patients have reported results which vary according to
the cell types studied and stimulants used. The majority of studies have focused on the macrophage innate
immune response and have demonstrated that some pro-inflammatory mediators are relatively corticosteroid
sensitive. In contrast, the production of IL-8 is more corticosteroid insensitive, highlighting an IL-8–
neutrophil recruitment axis that responds poorly to corticosteroids in COPD [58].

COPD clinical trials: effects of ICS on inflammatory cell counts
Placebo-controlled clinical trials which have examined the effect of ICS on immune cell counts in COPD
patients have used ICS monotherapy or ICS/LABA combination. We found six bronchoscopy studies
evaluating bronchial biopsies (table 1), with treatment periods varying from 3 to 30 months [59–64]. ICS
lowered mast cell counts and CD3+, CD4+ and CD8+ lymphocyte counts in two studies [60, 61]. Two
other studies showed trends for reduced mast cell numbers without reaching statistical significance
compared with placebo treatment (114.2 versus 152.6 cells·mm−2; p=0.08 [63] and 7.9 versus
11.9 cells·mm−1 basement membrane; p=0.1 [59]). The GLUCOLD study reported reductions in CD3+,
CD4+ and CD8+ lymphocyte and mast cell counts at 6 and 30 months [60]. In addition, following
withdrawal of ICS after 6 months, CD3+ lymphocyte and mast cell counts increased along with worsening
symptoms and lung function. The addition of LABA to ICS did not provide additional reductions in

TABLE 1 Studies investigating the effects of inhaled corticosteroids (ICS) on bronchial biopsy immune cell counts

First author, year [ref.] Length of treatment Macrophages Neutrophils Eosinophils Mast cells Lymphocytes

VERHOEVEN, 2002 [64] 6 months (ICS) = = = = =
HATTOTUWA, 2002 [61] 3 months (ICS) = = = ↓ =
BARNES, 2006 [63] 3 months (ICS/LABA) = X X =# ↓
BOURBEAU, 2007 [62] 3 months (ICS) = = = X =
REID, 2008 [59] 6 months (ICS) ↓ ↑ = =# =
LAPPERRE, 2009 [60] 6 months (ICS) = = = ↓ ↓

6 months (ICS/LABA) = = = ↓ ↓
30 months (ICS) = = ↑ ↓ ↓

30 months (ICS/LABA) = = ↓ ↓ ↑

=: no change; ↑: increase; ↓: decrease; X: not measured. LABA: long-acting β-agonist. #: trend for reduced mast cell numbers without reaching
statistical significance.
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immune cell counts at 6 months. Eosinophil cell counts were reduced in only one of the studies [60] as
were macrophage cell counts [59], while there was no evidence for neutrophil count suppression. Although
the role of lymphocytes or mast cells in COPD has not yet been conclusively elucidated, there are studies
showing a relationship between lymphocyte counts in the airways and disease severity [29, 65], supporting
a hypothesis that altered adaptive immunity is involved in COPD pathophysiology [66]. ICS targeting of
these cells and their cytokines may be beneficial.

We found 12 studies using induced sputum [59, 60, 63, 67–74] (table 2). There were decreases in
neutrophil counts in four studies [60, 63, 73, 74], with eosinophil counts reduced in two studies [63, 67];
the majority of studies showed no change. There was less evidence for modulation of other cell types.

Overall, these studies show some evidence that ICS can suppress inflammatory cell counts in COPD
patients. However, the findings are not consistent across studies, with many studies reporting negative
findings. The reasons for negative findings may include insufficient sample size or variability of cell
counts. The heterogeneity of inflammation in COPD patients is also important, as these group mean data
will not reveal individual responders with distinct ICS-responsive pathophysiology. Nevertheless, one of
the interesting findings is the reduction in bronchial biopsy mast cell counts, which is supported by
observations in cross-sectional studies showing reduced mast cell counts in the bronchial biopsies of ICS
users compared with non-users [75].

Eosinophils, type 2 inflammation and corticosteroid response in COPD
Lung tissue eosinophil numbers are higher in COPD patients compared with healthy controls [46, 76, 77].
Average sputum eosinophil levels have been reported as 0.6–1.1% in healthy subjects [78–80] compared
with 2.3% in COPD [81]. BEC has been used as a surrogate marker for sputum or lung tissue eosinophil
counts, as most studies have demonstrated a positive correlation between these parameters [82–87]. The
strength of the association has been variable, although strong correlations have been reported [65, 82–84,
86, 87]. Furthermore, higher BEC predicts sputum eosinophil ⩾3% with the area under the receiver
operating characteristic curve ranging from 0.75 to 0.82 [83, 88–90], while bronchial submucosal
eosinophil counts are increased in COPD patients with higher BEC [83, 86]. This topic has been reviewed
extensively elsewhere, highlighting that methodological issues such as lack of precision regarding BEC
methodology, variability in multicentre studies and regional variation in lung tissue eosinophil counts can
influence the results reported [5, 7]. Overall, the weight of evidence shows an association, albeit imperfect,
between BEC and eosinophil numbers in the lungs, supporting the use of BEC as a practical surrogate
biomarker for lung eosinophil counts.

The first studies to evaluate the relationship between eosinophils and corticosteroid response in stable
COPD patients showed that higher sputum eosinophil counts were associated with greater clinical
responses to corticosteroids [91–93]. For example, BRIGHTLING et al. [92] conducted a placebo-controlled,

TABLE 2 Studies investigating the effects of inhaled corticosteroids (ICS) on sputum immune cell counts

First author, year [ref.] Length of treatment Macrophages Neutrophils Eosinophils Mast cells Lymphocytes

CONFALONIERI, 1998 [74] 2 months (ICS) ↑ ↓ = X =
CULPITT, 1999 [72] 1 month (ICS) = = = X =
YILDIZ, 2000 [73] 2 months (ICS) = ↓ = X =
LOPPOW, 2001 [71] 1 month (ICS) = = = X =
MIRICI, 2001 [97] 3 months (ICS) ↑ = = X =
SUGIURA, 2003 [67] 1 month (ICS) = = ↓ X =
BRIGHTLING, 2005 [70] 6 weeks (ICS) = = = X =
BARNES, 2006 [63] 3 months (ICS/LABA) X ↓ ↓ X X
REID, 2008 [59] 6 months (ICS) = = = = =
LAPPERRE, 2009 [60] 6 months (ICS) = = = X =

6 months (ICS/LABA) = = = X =
30 months (ICS) ↓ ↓ = X ↓

30 months (ICS/LABA) ↓ ↓ = X ↓
BOORSMA, 2008 [69] 6 months (ICS) = = = X =
ASAI, 2015 [68] 3 months (ICS/LABA) X = X X X

=: no change; ↑: increase; ↓: decrease; X: not measured. LABA: long-acting β-agonist.
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randomised crossover trial investigating 2-week treatment with oral corticosteroids (OCS); OCS treatment
improved post-bronchodilator FEV1 and Chronic Respiratory Questionnaire (CRQ) score in COPD patients
with higher baseline sputum eosinophil counts (⩾3%), accompanied by a reduction in sputum eosinophil
counts from 2.4% to 0.4% (p<0.0001). The suppression of sputum eosinophil counts by OCS has been
observed elsewhere [91, 94–96]. Subsequently, the same research group conducted a placebo-controlled
clinical trial to assess the effects of ICS administered for 6 weeks in COPD patients [70]. This study also
showed greater treatment responses in terms of FEV1 and CRQ in patients with higher sputum eosinophil
counts. However, ICS did not decrease sputum eosinophil counts. As already discussed, the majority of
studies investigating sputum or bronchial biopsy eosinophil counts after ICS treatment have also observed
no changes in eosinophil counts, although some studies have shown a reduction (summarised in tables 1
and 2) [73, 74, 97, 98]. In contrast, OCS can suppress BEC, thereby reducing eosinophil traffic into the lungs.

These sputum studies led to post-hoc analyses of RCTs in COPD patients with a history of exacerbations
showing that BEC at baseline could predict the benefit of ICS on exacerbation prevention [6, 99].
Subsequently, BEC was analysed prospectively in RCTs of inhaled triple therapy, providing further
validation for BEC as a predictive pharmacological biomarker for ICS effects [2, 4, 100]. We now
consider the mechanisms responsible for this differential response according to BEC, as ICS do not appear
to target eosinophil traffic into the lungs [59, 60, 70, 73].

There is evidence that type 2 (T2) airway inflammation is increased in COPD patients with higher BEC,
summarised in supplementary table S1. It is reasonable to assume that the pharmacological targets of ICS
reside within this profile of T2 inflammation. The protein or gene expression levels of a number of
cytokines involved in eosinophil recruitment and activation are increased in COPD patients with higher
eosinophil counts, including IL-5 [101] and chemokine C-C motif ligand (CCL) 11, CCL24 and CCL26,
which are also involved in basophil recruitment [102]. However, it seems unlikely that these targets can
explain the clinical benefit of ICS in COPD, given the lack of consistent evidence for ICS suppression of
lung eosinophil numbers [59, 61, 62, 64, 70, 73, 74, 103] (summarised in tables 1 and 2).

A study using both bronchial brush and sputum samples (n=27) and a replication sputum cohort (n=33)
showed that gene expression levels of the following T2 biomarkers were increased in COPD patients with
higher BEC, i.e. chloride channel accessory 1 (CLCA1), CCL26, IL13 and cystatin SN (CST1) [104].
Importantly, some T2 genes previously reported to be increased in asthma were not associated with
eosinophilic inflammation in COPD, i.e. periostin (POSTN) and serpin family B member 2 (SERPINB2). An
analysis of bronchial brush samples from a large COPD cohort (n=283) also highlighted that gene expression
changes in eosinophilic asthma and eosinophilic COPD showed marked differences [105]. Nevertheless,
these T2 genes present in COPD patients with higher BEC are plausible targets for ICS in COPD.

Transcriptome analysis of bronchial biopsies collected during the GLUCOLD clinical trial reported
increased T2-related gene expression in a subset of COPD patients with increased blood and lung
eosinophil numbers, which was associated with increased ICS responsiveness [106]. A subsequent analysis
of the GLUCOLD data, using hierarchical clustering of genes previously defined using severe asthma
sputum samples, identified subgroups of COPD patients with different transcriptome signatures associated
with T2 inflammation, inflammasome activation or mitochondrial activation [107]. Following ICS
intervention, only the T2 signature was supressed. Interestingly, the mast cell genes carboxypeptidase A3
(CPA3) and tryptase β2 (TPSB2) were major contributors to this response. The authors also observed
reductions in mast cell numbers by ICS [107].

The pathophysiological role of mast cells in COPD remains to be fully elucidated. Elevated mast cell
numbers have been observed in asymptomatic smokers [108] and COPD patients [109, 110], although
negative results have also been reported [111, 112]. The role of CPA3 may be important in COPD, as
CPA3 gene expression is higher in areas of increased collagen deposition in COPD distal lung tissue,
suggesting a role in remodelling [111]. Increased CPA3 expression was also observed in bronchial brush
samples of COPD patients with increased pulmonary eosinophils [113, 114].

The signalling pathways which orchestrate eosinophilic/T2 inflammation in COPD are unclear, but one
possible candidate is IL-33. IL-33 is an alarmin released from the airway epithelium in response to
inflammation or tissue damage, promoting a wide range of both T1 and T2 responses. IL-33 can mediate
eosinophil recruitment and homeostasis [115] by upregulating IL-5 secretion from mast cells and T2 innate
lymphoid cells (ILC2). Elevated levels of blood and pulmonary IL-33 have been observed in COPD
patients compared with healthy controls [116, 117], and are more notable in COPD patients with higher
eosinophil counts [118]. RCTs of COPD patients using monoclonal antibodies directed towards IL-33
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[119] or its receptor ST2 [120] reduce blood [119, 120] and sputum [120] eosinophil counts. The effect of
ICS on IL-33 levels in COPD has not been investigated. However, corticosteroids do not reduce IL-33
expression in animal models and IL-33 expression is elevated in the airways of severe asthma patients
despite using high-dose ICS [121, 122]. These observations suggest a corticosteroid-insensitive IL-33–
ILC2–IL-5 axis that orchestrates pulmonary eosinophil recruitment in COPD.

ICS and the microbiome
Some COPD patients have increased bacterial load during the stable state; the most common colonising
species reported are H. influenzae, Moraxella catarrhalis and Streptococcus pneumoniae [123, 124].
Airway microbiome studies using 16S rRNA sequencing have shown dysbiosis in COPD compared with
healthy controls, with reduced diversity and increased presence of proteobacteria, including Haemophilus
and Moraxella genera [124–127]. Dysbiosis in COPD patients has also been associated with exacerbation
frequency and mortality [128].

COPD patients with low blood or sputum eosinophil counts have an airway microbiome with increased
abundance of proteobacteria, notably Haemophilus [125, 127]. A potential explanation for this association
is that COPD patients with lower BEC also have lower levels of airway immunoglobulins (IgA, IgM and
IgG1), associated with decreased bacterial opsonisation and B-cell activation leading to reduced
antiproteobacterial immunity [129]. Furthermore, the presence of Haemophilus colonisation in the stable
state is associated with increased sputum neutrophil counts [46, 124, 125, 130, 131]. These observations
highlight that the microbiome can skew the profile of airway inflammation, implying a close interplay
between the microbiome, inflammation and ICS responses in COPD.

Cohort studies and RCTs have investigated the relationship between ICS use and the airway microbiome in
COPD during the stable state [46, 124–127, 132, 133] (table 3). Cohort studies using sputum samples have
shown that ICS use can alter the microbiome [132], e.g. a small study reported increased relative
abundance of H. influenzae and M. catarrhalis in sputum in ICS versus non-ICS users utilising both 16S
rRNA sequencing and species-specific quantitative PCR (qPCR) (n=25 versus n=7, respectively) [124],
while another study reported increased bacterial load (specifically Streptococcus) in COPD ICS users
versus non-users (n=10 versus n=13, respectively) [134]. Other cohort studies have shown no differences
in sputum bacteriology due to ICS use [46, 125], with these variable results between studies likely
attributable to both limited sample sizes and the clinical heterogeneity of different cohorts.

A large cross-sectional bronchoscopy study using bronchial brush samples (192 ICS users and 147 ICS
non-users) showed no change in bacterial load due to ICS use. However, ICS treatment reduced

TABLE 3 Studies investigating the effects of inhaled corticosteroids (ICS) on microbiome changes

First author, year [ref.] Type of
study

Sample Bacterial detection
method

COPD
patients

ICS/no ICS

Key findings

Bacterial
load

Species
change

Diversity

GARCHA, 2012 [132] Cohort Sputum qPCR 47/5 ↑ = X
WANG, 2019 [124] Cohort Sputum 16S rRNA+qPCR 25/7 = ↑ H. influenzae

↑ M. catarrhalis
↓

RAMSHEH, 2021 [126] Cohort Bronchial
brush

16S rRNA 192/147 = = ↓

BEECH, 2020 [125] Cohort Sputum qPCR 199/37 = = X
BEECH, 2021 [46] Cohort Sputum qPCR 43/17 = = X
SINGANAYAGAM, 2019 [134] Cohort Sputum 16S rRNA 10/13 ↑ ↑ S. pneumoniae X
CONTOLI, 2017 [98] RCT Sputum qPCR 30/30 ↑ ↑ H. influenzae#

↑ S. pneumoniae#
↑

LEITAO FILHO, 2021 [135] RCT Bronchial
brush

16S rRNA 18 FP/20 = ↓ Haemophilus
↑ Firmicutes

↓

18 BD/20 = = =

=: no change; ↑: increase; ↓: decrease; X: not measured. qPCR: quantitative PCR; 16S rRNA: 16S ribosomal RNA gene sequencing; H. influenzae:
Haemophilus influenzae; M. catarrhalis: Moraxella catarrhalis; S. pneumoniae: Streptococcus pneumoniae; RCT: randomised controlled trial; FP:
fluticasone propionate; BD: budesonide. #: in eosinophil-low patients.
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microbiome diversity [126], and lower lung function was associated with an increase in relative abundance
(relative to other bacterial genera) of Moraxella and a decrease of Prevotella, with Prevotella relative
abundance further decreased in patients treated with ICS.

A 12-month parallel group RCT (n=60) showed that treatment with ICS/LABA (fluticasone propionate/
salmeterol) was associated with increased sputum bacterial loads (+12%) compared with baseline, while
LABA only (salmeterol) caused no change [98]. There were also increases in the relative abundance of the
species S. pneumoniae and H. influenzae compared with baseline after ICS treatment. Subgroup analysis
indicated that the changes only occurred in patients with <2% blood eosinophils.

LEITAO FILHO et al. [135] compared the effects of two different ICS/LABA formulations (budesonide/
formoterol and fluticasone/salmeterol) versus LABA only (formoterol) on the airway microbiome from
bronchial brush samples obtained in COPD patients over 12 weeks (n=56), using a randomised parallel
group design. Fluticasone propionate/salmeterol was associated with a significant reduction in airway
microbiome diversity compared with formoterol and a greater number of microbiome changes from
baseline (12 changes in taxa features, including increases in relative abundance of the Firmicutes phylum)
compared with both formoterol and budesonide/formoterol (two changes for each treatment). ICS treatment
did not cause any differences in total bacterial loads [135].

The notable common findings in these clinical studies are that ICS use can reduce bacterial diversity with
alterations in the Proteobacteria and Firmicutes phyla, and that specific increases in the relative abundance
of bacterial species H. influenzae, M. catarrhalis and S. pneumoniae have been observed, with more
consistent evidence across studies for the increase in H. influenzae. These microbiome alterations may have
detrimental effects leading to increases in inflammatory burden [46, 124, 125, 136]. However, as these
changes occur in patients with lower BEC [98], the risks will be mitigated by only targeting ICS to COPD
patients with higher BEC. The differences between studies with regard to these species may relate to
clinical and geographical heterogeneity between cohorts, leading to differences in microbiome composition.

COPD macrophages show a reduced ability to phagocytose bacteria (both H. influenzae and
S. pneumoniae) [30, 137, 138], a defect which is more prominent in COPD patients with frequent
exacerbations [139]. Decreased S. pneumoniae clearance in COPD macrophages relates to increased
expression of the antiapoptosis factor Mcl-1 which prevents apoptosis onset, required for effective bacterial
clearance [140]. H. influenzae exposure increases Mcl-1 [45], thus providing a mechanism to reduce
clearance of both H. influenzae itself and S. pneumoniae. Corticosteroids in vitro do not appear to directly
reduce macrophage phagocytosis ability [137]. However, corticosteroids can alter macrophage phenotype
[141–143] skewing towards an M2c (inactive)-like subset [144, 145], with corticosteroids causing
increased expression of the scavenger markers CD163, CD206 and Mer tyrosine kinase (MERTK)
observed in monocyte-derived macrophages [146, 147] and COPD lung macrophages [144]. In COPD lung
macrophages both fluticasone propionate and budesonide alter expression of markers involved in bacterial
recognition [144] and reduce S. pneumoniae- or H. influenzae-induced cytokine release [148]. However
while fluticasone propionate increased Toll-like receptor (TLR) 2 and TLR4 in response to S. pneumoniae,
budesonide counteracted the reduction of bacterial recognition markers scavenger receptor (SR)-AI
(S. pneumoniae induced), CD206 and macrophage receptor with collagenous structure (MARCO)
(H. influenzae induced) [148]. There is evidence to suggest that pneumonia risk differs between ICS
molecules [149]. A retrospective, real-world analysis by PRICE et al. [150] found new COPD users of
fixed-dose combination inhalers had an increased risk of developing pneumonia with formulations
containing fluticasone propionate or furoate compared with extrafine beclomethasone. This differential risk
with ICS formulations may be due to subtle differences in bacterial recognition markers [148] leading to
downstream effects on bacterial recognition and survival. However, some caution should be applied when
interpreting the clinical evaluation of pneumonia risk with different ICS, due to the potential confounders
in retrospective data analysis and differences in designs and population characteristics between RCTs
discussed earlier [21].

ICS can modulate the secretion of antimicrobial peptides, thus altering host defence effectiveness. In a
mouse model, pulmonary clearance of bacteria was impaired by ICS through suppression of the
antimicrobial peptide cathelicidin induced by S. pneumoniae, leading to increased bacterial loads in both
S. pneumoniae-infected mice and a human airway epithelial cell model [151].

In COPD the frequency of secondary bacterial infections is increased by rhinovirus (RV) infection [152].
In RV-infected airway epithelial cells from COPD patients and a mouse model, ICS reduced production of
IFNs and delayed viral clearance. In these models, ICS also supressed induction of the secretory
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leukoprotease inhibitor (SLPI) protein (an antimicrobial peptide implicated in protection against secondary
bacterial infection [152]) and further increased mucin production observed in response to RV infection
[142]. In COPD patients taking ICS, sputum cell expression of IFNs and SLPI was decreased and mucin
production increased following viral exacerbation compared with those patients not on ICS. Additionally,
16S qPCR analysis showed increased sputum bacterial load in ICS users 2 weeks post-exacerbation
compared with non-users [142]. In a separate cohort, the same authors also showed that COPD patients
with at least two exacerbations in the preceding year, who had a trend towards greater ICS use compared
with patients with less than two exacerbations, had reduced IFN expression in sputum cells following a
virus-associated exacerbation [153]. IFNs induce an antimicrobial state in infected and neighbouring cells,
helping to control pro-inflammatory pathways, activate adaptive immunity and prime for future responses
[154]. Suppression of IFNs therefore may result in an increased susceptibility to infection [153].

The studies reviewed here show that ICS can engage different mechanisms, which facilitate an
environment more susceptible to bacterial colonisation. These mechanisms include: 1) dampening and
altering the response to viral exposure, which is associated with secondary bacterial overgrowth; 2)
suppression of the secretion of antibacterial peptides; and 3) altering the phenotypic characteristics of
macrophages, which may in turn alter bacterial recognition. Taken together, these mechanisms enable
environmental changes that can facilitate increases in colonising species such as H. influenzae or S.
pneumoniae (figure 1).

Conclusion
Historically, the term “corticosteroid resistant” was used to describe COPD. We now recognise that ICS
provide clinical benefits in the subset of COPD patients with a history of exacerbations plus higher BEC
[6, 7, 99]. This shift in our understanding raises new mechanistic questions, including why this subgroup
of individuals respond and what are the components of COPD inflammation targeted by ICS. While BEC
enables prediction of ICS therapeutic efficacy in COPD, lung eosinophils themselves do not seem to be the
primary target of ICS [59, 60, 70, 73]. Instead, higher BEC is a biomarker of a broader T2 profile in the
lungs which can be modified by ICS treatment [107]. Interestingly, this profile includes mast cells [107],
which may be an important target for ICS in COPD patients [155]. Lung sampling studies have
demonstrated that the expression of T2 inflammation varies between individuals, providing an explanation
for the differential effect (between individuals) of ICS.

Altered macrophage phenotype

M2c (inactive)

Altered epithelial responses

ICS

Reduced bacterial recognition  �
Reduced bacterial clearance

Risk of secondary infection

CD163

CD206

MERTK  �
Bacterial-induced cytokine release  �

Antimicrobial peptides:

        Cathelicidin  �
        SLPI

Viral induced:

        IFN �
        Mucin �

Viral clearance  �

Bacterial relative abundance:

        Haemophilus influenzae
        Moraxella catarrhalis
        Streptococcus pneumoniae

Microbiome diversity  �

 �
 �

 �
 �

 �

 �
 �

 �

FIGURE 1 Mechanisms by which inhaled corticosteroids (ICS) facilitate an environment more susceptible to
bacterial colonisation. CD: cluster of differentiation; IFN: interferon; MERTK: Mer tyrosine kinase; SLPI: secretory
leukoprotease inhibitor.
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There is evidence for corticosteroid-insensitive pathways in COPD. There is an inverse relationship
between eosinophil counts and proteobacteria [125, 127], while proteobacteria encourage
corticosteroid-insensitive IL-8 production and neutrophil recruitment [43–46]. This is an example of the
interplay between the microbiome, inflammation and ICS. A summary of key corticosteroid-sensitive and
-insensitive pathways and the effects of ICS on the microbiome is shown in figure 2. ICS can alter host
responses to pathogens, e.g. through the suppression of antibacterial peptide secretion and alterations of
macrophage phenotype. These mechanisms can skew the lung microbiome towards an excess of
proteobacteria following ICS treatment.

The first observations that eosinophil counts were related to ICS efficacy has led to a more complex
understanding of ICS mechanisms in COPD, encompassing the identification of corticosteroid-sensitive
and -insensitive pathways and the role of the microbiome. While BEC is the biomarker used in clinical
practice to enable the selective use of ICS in COPD, there is a complex interacting network involving the
microbiome, airway inflammation and ICS that decides the ultimate clinical outcome in each individual.

Points for clinical practice

• Higher BEC in COPD associates with T2 airway inflammation. Individuals with this T2 inflammation can
experience a benefit from ICS.

• Lower BEC in COPD is associated with skewing of the microbiome towards proteobacteria dominance, with
increased neutrophilic airway inflammation. ICS can increase bacterial infection and pneumonia risk in
these individuals.

Questions for the future

• What are the effects of ICS on mast cells and IL-33 in COPD?
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• Neutrophil or eosinophil numbers

• Macrophage–IL-8–neutrophil axis

• IL-33–ILC2–IL-5 axis, orchestrating  

 eosinophil recruitment

ICS-insensitive inflammatory pathways

• Macrophage TNF-� and IL-6 release

• Lymphocyte numbers

• Mast cells

• Type 2 inflammation signature

ICS-sensitive inflammatory pathways

• Reduces microbiome diversity

• Increases relative abundance of Haemophilus influenzae

Effects on microbiome

FIGURE 2 A summary of key corticosteroid-sensitive and -insensitive pathways and the effects of inhaled
corticosteroids (ICS) on the microbiome. IL: interleukin; ILC2: type 2 innate lymphoid cells; TNF: tumour
necrosis factor.
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