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Abstract 

Background: There is evidence that bacterial colonisation in chronic obstructive pulmonary disease (COPD) is associ-
ated with increased neutrophilic airway inflammation. This study tested the hypothesis that different bacterial phyla 
and species cause different inflammatory profiles in COPD patients.

Methods: Sputum was analysed by quantitative polymerase chain reaction (qPCR) to quantify bacterial load and 16S 
rRNA gene sequencing to identify taxonomic composition. Sputum differential cell counts (DCC) and blood DCC were 
obtained at baseline and 6 months. Patients were categorised into five groups based on bacterial load defined by 
genome copies/ml of ≥ 1 × 104, no colonisation and colonisation by Haemophilus influenzae (H. influenzae), Moraxella 
catarrhalis (M. catarrhalis), Streptococcus pneumoniae (S. pneumoniae), or > 1 potentially pathogenic microorganism 
(PPM).

Results: We observed an increase in sputum neutrophil (%), blood neutrophil (%) and neutrophil–lymphocyte ratio 
(NLR) in patients colonised with H. influenzae (82.6, 67.1, and 3.29 respectively) compared to those without PPM colo-
nisation at baseline (69.5, 63.51 and 2.56 respectively) (p < 0.05 for all analyses), with similar findings at 6 months. The 
bacterial load of H. influenzae and Haemophilus determined by qPCR and 16s rRNA gene sequencing respectively, and 
sputum neutrophil % were positively correlated between baseline and 6 months visits (p < 0.0001, 0.0150 and 0.0002 
with r = 0.53, 0.33 and 0.44 respectively).

Conclusions: These results demonstrate a subgroup of COPD patients with persistent H. influenzae colonisation 
that is associated with increased airway and systemic neutrophilic airway inflammation, and less eosinophilic airway 
inflammation.
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Background
Chronic obstructive pulmonary disease (COPD) is a 
heterogeneous disease characterised by airflow obstruc-
tion and persistent airway inflammation [1]. COPD 
patients show increased susceptibility to bacterial infec-
tion, through mechanisms such as decreased bacterial 

phagocytosis [2]. Chronic bacterial airway colonisation 
may occur with potentially pathogenic microorganisms 
(PPMs) including Haemophilus influenzae (H. influen-
zae), Moraxella catarrhalis (M. catarrhalis) and Strepto-
coccus pneumoniae (S. pneumoniae) [3–5].

The presence of bacterial infection in COPD patients 
during the stable state (i.e. not during exacerbations) is 
associated with increased airway neutrophil numbers [6, 
7]. Furthermore, it appears that different bacterial phyla 
are associated with different profiles of airway inflam-
mation in COPD patients; raised blood and sputum 
eosinophils are associated with increased presence of the 

Open Access

*Correspondence:  gbeech@meu.org.uk
2 Medicines Evaluation Unit, University of Manchester, Manchester 
University NHS Foundation Trust, Southmoor Road, Manchester M23 9QZ, 
UK
Full list of author information is available at the end of the article

http://orcid.org/0000-0002-2690-5364
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12931-020-01552-4&domain=pdf


Page 2 of 13Beech et al. Respir Res          (2020) 21:289 

Bacteroidetes phylum [8], while low sputum eosinophil 
levels have been associated with increased H. influenzae 
presence [9]. Additionally, a study of microbiome, tran-
scriptome and proteome profiling showed that H. influ-
enzae presence in the stable state was associated with a 
unique profile of inflammation, including increased spu-
tum neutrophil counts [10, 11].

The analyses of randomised clinical trials have dem-
onstrated that greater inhaled corticosteroid (ICS) ben-
efits are observed at higher blood eosinophil counts [12]. 
Consequently, the Global initiative for the management 
of chronic Obstructive Lung Disease (GOLD) report rec-
ommends the use of blood eosinophil counts to guide 
ICS treatment in COPD patients with a history of exac-
erbations [1]. Higher blood eosinophil counts in COPD 
patients are associated with increased eosinophil num-
bers in bronchial tissue, broncho-alveolar lavage and 
sputum, increased levels of T2 cytokines and greater 
basement membrane thickening [13]. The mechanistic 
reasons for increased ICS effects at higher blood eosin-
ophil counts may be related to an inflammatory profile 
associated with increased levels of T2 cytokines, but an 
association with a different microbiome profile may also 
be important [10].

Using the COPDMAP cohort, we have further studied 
the relationship between sputum cell counts and bacte-
rial species in the stable state. We evaluated the stability 
of the relationship between the microbiome and airway 
inflammation using repeated samples at 6  months, pri-
marily focusing on bacterial load measured by quantita-
tive polymerase chain reaction (qPCR) and sputum cell 
counts. Associations between these parameters and both 
16S rRNA-gene based microbiome analysis and blood 
leucocyte counts are also reported. A focus of the analy-
sis of repeated samples was to investigate the persistence 
of bacterial colonisation over 6 months, and its associa-
tions with sputum cell counts and clinical characteristics.

Methods
Subjects
COPD patients aged ≥ 40 years were recruited at 3 sites 
(Manchester, Leicester and London) into the COPD-
MAP prospective observational cohort study. Patients 
had a physician diagnosis of COPD, post-bronchodilator 
forced expiratory volume in 1 s  (FEV1)/forced vital capac-
ity (FVC) ratio < 0.7, ≥ 10 pack year smoking history and 
no previous asthma diagnosis. The patients included in 
this analysis were those who provided a sputum sample 
for bacterial quantification at ≥ 1 visit over 12  months. 
All patients provided written informed consent using 
protocols approved by the local Ethics Committees (11/
L0/1630; 10/H/1003/108; 07/H0406/157).

Study design
Patient visits were during stable state at baseline and at 
6  months (stable defined as no symptom-defined exac-
erbation in the 4  weeks preceding sampling). Patients 
who received maintenance oral corticosteroid or anti-
biotic therapy were excluded from analysis. Symptoms 
were assessed using the COPD assessment test (CAT) 
[14]. Health related quality of life was assessed using the 
St George’s respiratory Questionnaire (SGRQ-C) [15]. 
Lung function measurements were performed accord-
ing to guidelines [16]. Spontaneous or induced sputum 
was obtained as previously described [17]. Blood samples 
were sent to local hospital laboratories for analysis of dif-
ferential cell counts (DCC). A total of 236 patients were 
included in this analysis, the number of patients included 
in different sub-analyses was dependent on the avail-
ability of specific data relevant to that sub-analyses; 236 
patients produced a sputum sample for bacterial analysis 
using qPCR at baseline; 226 had qPCR bacterial quantifi-
cation and blood DCC; 145 had qPCR and sputum DCC. 
At 6 months, there were 100 patients with qPCR bacterial 
quantification and blood DCC, and 69 with qPCR and 
sputum DCC (Additional file 1, Fig. S1).

Bacterial qPCR and 16S rRNA measurements
Sputum induction was attempted if an insufficient spon-
taneous sample was produced for the analysis, approxi-
mately 18% of cases in the current analysis. Spontaneous 
or induced sputum was processed for qPCR detection of 
absolute abundance for the following bacterial species; 
H. influenzae, M. catarrhalis and S. pneumoniae as pre-
viously described [4]. Where possible, sputum was also 
processed for differential cell counts [18]. Patients were 
termed ‘’persistently colonised’’ if qPCR results indicated 
two consecutive positive measurements over 6  months. 
Although qPCR detection of bacterial species was the 
primary analysis, sputum was also processed for 16S 
RNA-gene based microbiome analysis of bacterial tax-
onomy (see online supplement).

Statistical analysis
Patients with bacterial load ≥ 1 × 104 copies/ml defined 
by qPCR were categorised as positive for PPM colonisa-
tion [6], then split into five groups; No colonisation, H. 
influenzae, S. pneumoniae, M. catarrhalis, and two or 
more PPMs (> 1 PPMs). Similar analysis was performed 
using the threshold ≥ 1 × 106 copies/ml. Statistical 
analysis for non-parametric data was performed using; 
Kruskal–Wallis test followed by post-test analysis with 
either Wilcoxon signed rank test or the Mann–Whitney 
U test (with correction for multiple analysis). Spearman’s 
correlation assessed associations between variables. 
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p < 0.05 was considered statistically significant. Analyses 
were performed using GraphPad Prism version 7.00 (San 
Diego, USA). For 16S rRNA analysis, alpha diversity was 
assessed using Shannon index. Kruskal–Wallis test iden-
tified taxa with significantly different abundance across 
groups. Wilcoxon rank sum tests compared enrichment 
of other taxa present in H. influenae and S. pneumoniae 
groups. For beta diversity, composition dissimilarity was 
tested using the Bray–Curtis dissimilarity index. The false 
discovery rate (FDR) method adjusted P values for mul-
tiple testing and significantly differentially represented 
bacterial taxa were identified using edgeR [10].

Results
Study subjects
The baseline demography of the cohort (n = 236) is 
shown in Table  1; the mean post-bronchodilator  FEV1 
was 57.4% predicted, with no exacerbations in the pre-
vious year in 32.6% of patients, 1 exacerbation in 22.9% 
and ≥ 2 exacerbations in 44.5%. Mean CAT and total 
SGRQ scores were 18 and 47 respectively.

Baseline results
The cohort (n = 236) was divided into five groups using 
qPCR detection using a threshold ≥ 1 × 104 genome cop-
ies/ml; No colonisation (n = 108), H. influenzae only 
(n = 41), S. pneumoniae only (n = 47), M. catarrhalis only 
(n = 4) and > 1 PPM (n = 36), referred to as NC, H. influ-
enzae, S. pneumoniae, M. catarrhalis and > 1 PPM groups 
respectively. The M. catarrhalis group were excluded 
from baseline analysis due to a small sample size. 
The > 1PPM group consisted of patients with colonisation 
of two or three PPMs; 92% were colonised with H. influ-
enzae, with 58% colonised with H. influenzae + S. pneu-
moniae, while 42% showed evidence of M. catarrhalis 
colonisation and 8.3% were colonised with all three bac-
terial species (for details see Additional file 1, Table S1). 
The total number of patients in the entire cohort with 
M. catarrhalis colonisation was 19 (8.1%). There was no 
difference in bacterial colonisation in frequent exacerba-
tors (≥ 2 exacerbations in the previous year) compared to 
non-frequent exacerbators (Additional file  1, Table  S2), 
or in patients using ICS compared to those not using ICS 
(data not shown).

Sputum cell counts
145 patients with qPCR data had sputum DCCs avail-
able; induced samples were more cellular based on total 
cell count (× 106/g), with total neutrophil and mac-
rophage counts (× 106/g) also higher in induced samples 
in the subset with this information available (n = 112). 
However, in the total sample (n = 143) with available 
DCCs, the sputum cell percentages between induced 

and spontaneous samples were similar (Additional file 1, 
Table  S3). There were no differences observed between 
qPCR and DCC results from induced and spontaneous 
samples (Additional file  1, Table  S3). Sputum neutro-
phil % was higher in the H. influenzae versus NC group; 
medians 82.6 and 69.5% respectively (p = 0.0004, Fig. 1a). 
Neutrophil percentage was also higher in the > 1  PPM 
group (79.8%), but this difference was not statistically 
significant (p = 0.06). A similar pattern showing higher 
sputum neutrophil absolute cell counts in the H. influen-
zae versus NC group was evident; medians 8.59 × 106/g 
versus 1.71 × 106/g respectively (p = 0.0028, Additional 
file 1, Table S4).

The H. influenzae and > 1PPM groups had lower spu-
tum eosinophil levels (medians 0.50% and 0.25% respec-
tively) compared to the NC group (median 1.00%; 
p = 0.03 and 0.04 respectively, Fig.  1b). Using > 3% to 
define sputum eosinophilia, the H. influenzae and > 1PPM 
groups had fewer patients above this threshold (7.7% and 
11.5% respectively) compared to NC (24.2%), although 

Table 1 Baseline demographics of  patients enrolled 
onto this study

Summaries are presented as percentages, mean (SD), median [range] as 
appropriate (n = 236a)
a At baseline the following data were not available for; n = 8 Saint Georges 
respiratory Questionnaire (SGRQ), n = 3 Chronic obstructive pulmonary disease 
assessment test (CAT), n = 2 forced expiratory volume in one second  (FEV1)

Characteristic n = 236

Gender (% male) 74

Age 69.5 (8.3)

Smoking status (current %) 34

Pack years 47.5 [10–220]

BMI (kg/m2) 26.3 [17.3–47.0]

Exacerbations (1 year period) 1 [0–15]

Post  FEV1 (L) 1.5 (0.6)

Post  FEV1 (%) 57.4 (18.5)

CAT 18 (7.5)

SGRQ-C (total) 47.0 (18.2)

GOLD 2 [1–4]

 1 (%) 12.0

 2 (%) 52.1

 3 (%) 29.1

 4 (%) 6.8

LABA only (%) 2.5

LAMA only (%) 5.5

ICS only (%) 1.7

ICS + LABA (%) 13.1

ICS + LAMA (%) 1.3

LABA + LAMA (%) 2.1

Triple (%) 68.2

No inhaled medication (%) 5.5
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Fig. 1 The comparison of sputum and blood eosinophil and neutrophil counts between patients colonised with different PPMs. Patients were 
categorised into four groups based on bacterial load defined by genome copies/ml of ≥ 1 × 104; no colonisation (NC), colonised with Haemophilus 
influenzae (HI), Streptococcus pneumoniae (SP) or > 1 potentially pathogenic microorganism (PPM). Sputum neutrophil % (n = 145) (a), sputum 
eosinophil % (n = 145) (b), blood neutrophil counts (n = 226) (c), blood eosinophil counts (n = 226) (d), blood neutrophil percentages (n = 226) (e) 
and blood neutrophil–lymphocyte ratio (n = 226) (f) are shown for each group. Statistical analysis was performed using Kruskal–Wallis and Mann–
Whitney U adjusted for multiple comparisons. Data represent individual patients with median. *, **Significant difference to no colonisation group 
(p < 0.05, < 0.01 respectively)
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this difference was not significant (p = 0.17; Additional 
file  1, Table  S4). No significant differences in absolute 
sputum eosinophil counts were observed between groups 
(Additional file  1, Table  S4). The clinical characteristics 
of the groups showed some numerical differences;  FEV1 
predicted was lower in the H. influenzae and S. pneumo-
niae groups, while SGRQ was also higher in these groups 
(statistical analysis shown in Additional file 1, Table S5). 
There were no differences in ICS use between groups.

Blood cell counts
In 226 patients with blood samples, there were no sig-
nificant differences between groups for absolute blood 
neutrophil or eosinophil cell counts (Fig.  1c, d, Addi-
tional file 1, Table S6) or eosinophil % (not shown). Blood 
neutrophil % and neutrophil–lymphocyte ratio were sig-
nificantly higher in the H. influenzae versus NC group 
(medians: neutrophils 67.1% and 63.51% respectively, 
p = 0.0268; neutrophil–lymphocyte ratio: 3.32 and 2.56 
respectively, p = 0.0086, Fig.  1e, f ). There were no sig-
nificant differences in blood lymphocyte counts between 
groups (Additional file 1, Fig. S2).

16S rRNA microbiome analysis
Microbiome profiles for 153 patients defined using base-
line qPCR results are presented in Fig. 2. An increase in 
relative abundance of Haemophilus (FDR p = 0.0004) and 
decrease in Prevotella (FDR p = 0.003) and Streptococ-
cus (FDR p = 0.007) was observed in both H. influenzae 
and > 1 PPM groups compared the NC group (Fig.  2a). 
In contrast, the S. pneumoniae group was enriched with 
numerous other bacterial phyla including other Fuso-
bacteria (Fusobacterium), Bacteroidetes (Prevotella), 
Proteobacteria (Campylobacter and Neisseria) and Actin-
obacteria (Rothia and Actinomyces) (FDR p < 0.05). There 
were significant differences in Shannon indexes between 
groups; alpha diversity decreased in both H. influenzae 
and > 1PPM groups compared to NC. When analysed 
in relation to sputum (n = 128) and blood cell counts 
(n = 153), Shannon diversity was negatively associated 
with sputum neutrophil % (p < 0.01, rho = − 0.24) and 
absolute counts (p = 0.05, rho = − 0.21) but not blood 
neutrophils (data not shown).

6 month results
Sputum cell counts
66 patients with qPCR data had sputum cell counts avail-
able. The H. influenzae group had significantly higher 
neutrophil percentages compared to the NC group 
(medians 86.6% and 69.5% respectively, p = 0.02, Fig. 3a), 
with a similar pattern for absolute neutrophil counts 
(12.89 and 1.45 × 106/g respectively, p = 0.0048, Addi-
tional file 1, Table S7). The H. influenzae group had lower 

sputum eosinophil percentages compared to the NC 
group (0.38% and 2.13% respectively, p = 0.011, Fig. 3b), 
with no significant differences for absolute counts.

Blood cell counts
In 100 patients with blood samples, there were no con-
sistent differences between groups for neutrophils, 
eosinophils or neutrophil–lymphocyte ratio (Fig.  3c–f, 
Additional file 1, Table S8).

Analysis using alternative qPCR threshold
An analysis using a threshold of ≥ 1 × 106 copies/ml to 
define colonisation showed a similar pattern of results 
to ≥ 1 × 104 copies/ml, at both baseline and 6  months; 
details are in the supplement (Additional file 1, Figs. S3, 
S4 and Tables S9, S10, S11, S12 and S13).

Stability over 6 months
The bacterial load of H. influenzae determined by qPCR 
at baseline and 6  months was positively correlated 
(n = 122; rho = 0.51, p < 0.0001, Fig.  4a). Associations at 
baseline and 6  months were also observed using Hae-
mophilus abundance determined by 16S rRNA gene 
sequencing (n = 54; rho = 0.33, p = 0.015, Additional 
file  1, Fig. S6) and for sputum neutrophil % (n = 69; 
r = 0.44, p = 0.0002, Fig. 4b).

The changes in colonisation from baseline to 6 months 
(n = 122) are shown in Fig.  5. The most common find-
ings at baseline were H.  influenzae (n = 21, 17.2%), NC 
(n = 56, 45.9%) or > 1PPM (n = 21, 17.2%). For these 
groups, approximately 40–50% of patients remained in 
the same category at 6  months. Less patients in the S. 
pneumoniae and M. catarrhalis groups remained in the 
same category.

Analysing patients with qPCR and sputum counts at 
both baseline and 6  months (n = 69), there were 9 with 
H. influenzae colonisation (Fig. 6a) and 30 with no colo-
nisation at both visits (not shown). Patients colonised at 
both visits (termed “persistent colonisation”) had sputum 
neutrophil % that mostly remained above 60% at both 
visits, while non-colonised patients had a greater spread 
of neutrophil counts (Fig.  6b, e respectively). Patients 
with persistent H. influenzae presence had a significantly 
lower  FEV1 compared to those without H. influenzae 
colonisation (46% versus 61.2% predicted respectively, 
p = 0.035; Additional file 1, Table S14 shows clinical char-
acteristics including exacerbations rates which were not 
significantly different). Five patients were colonised with 
H. influenzae at 1 visit only (Fig. 6c); patients who devel-
oped new H. influenzae colonisation showed an increase 
in sputum neutrophil %, while a loss of H. influenzae col-
onisation was associated with a reduction in sputum neu-
trophil % (Fig.  6d). Patients persistently colonised with 
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H. influenzae had higher sputum neutrophil and lower 
sputum eosinophil (%) (p = 0.011 and 0.016 respectively; 
Additional file 1, Table S15). A further 16 patients were 
persistently colonised with H. influenzae + ≥ 1 other 
PPM at both baseline and 6 months visits. We combined 
these 16 patients with the 9 patients colonised with H. 
influenzae only, and compared this group (n = 25) to non-
colonised patients. Again, there was a significantly lower 
 FEV1% predicted in H. influenzae colonised patients 
compared to those without colonisation (p = 0.01), but 
no difference in exacerbation rates (Additional file  1, 

Table S16). Sputum neutrophil % was significantly higher 
in H. influenzae persistently colonised patients and spu-
tum eosinophil % was lower (p < 0.01 and 0.03 respec-
tively. Additional file  1, Table  S17). Using eosinophil % 
thresholds, a significantly lower proportion of eosino-
philic patients were observed in the H. influenzae persis-
tently colonised group (p = 0.01 and < 0.01 using 2 and 3% 
sputum eosinophil thresholds respectively).

The 6  month data for 16S  rRNA analysis showed a 
similar pattern to the baseline data but with a smaller 
sample size (n = 73) (Additional file  1, Figs. S5 and S6). 

Fig. 2 Sputum microbiome profiles in COPD patients at baseline. A proportion of patients provided sufficient sample for 16S rRNA sequence 
analysis. Shannon Diversity and relative abundance of major bacterial taxa and genera for PPM groups defined by genome copies per mL 
of ≥ 1 × 104; no colonisation (NC), Haemophilus influenzae (HI), Streptococcus pneumonia (SP) and > 1PPM n = 153 (a), Correlation analysis for 
shannon diversity of paired samples at baseline and 6 months (n = 54) (b), Composition dissimilarity analysis between paired samples at baseline 
and 6 months, and samples from different individuals (n = 54) (c). *, **, ***Significant difference to no colonisation group (FDR p < 0.05, < 0.01 
and < 0.001 respectively)
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Fig. 3 The comparison of sputum and blood eosinophil and neutrophil counts between patients colonised with different PPMs at 6 months 
post-baseline. Patients were categorised into four groups based on bacterial load defined by genome copies/ml of ≥ 1 × 104; no colonisation (NC), 
colonised with Haemophilus influenzae (HI), Streptococcus pneumoniae (SP) or > 1 potentially pathogenic microorganism (PPM). Sputum neutrophil 
% (n = 66) (a), Sputum eosinophil % (n = 66) (b). Three patients were excluded due to colonisation with Moraxella catarrhalis at 6 months. Blood 
neutrophil count (n = 100) (c), Blood eosinophil count (n = 100) (d) Blood neutrophil % (n = 100) (e) and Blood neutrophil–lymphocyte ratio 
(n = 100) (f). Statistical analysis was performed using Kruskal–Wallis and Mann–Whitney U adjusted for multiple comparisons. Data represent 
individual patients with median. *Significant difference to no colonisation group (p < 0.05 respectively)
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The Shannon diversity for paired samples at baseline and 
6  m showed a positive correlation (n = 54) (Spearman 
R = 0.27, p = 0.045, Fig.  2b). We tested the composition 
dissimilarity between samples from the same individual 
at baseline and 6  months, and samples from different 
individuals. The samples from the same patients had 
significantly smaller Bray–Curtis dissimilarity indices 
than those from different individuals (n = 54) (Wilcoxon 
p = 0.003, Fig.  2c), suggesting relative temporal stability 
of the airway microbiome in COPD.

Discussion
This analysis of the COPDMAP cohort demonstrated a 
subgroup of COPD patients with H. influenzae coloni-
sation in the stable state, associated with increased neu-
trophil and decreased eosinophil numbers in sputum. 
Although colonisation status and microbiome changed 
over time in some patients, we observed that approxi-
mately 40% of patients within the H. influenzae group 
at baseline had persistent H. influenzae colonisation 
at 6  months, with a similar profile of airway inflamma-
tion. H. influenzae colonisation was also associated with 
increased blood neutrophils numbers. In contrast, there 
was no association between neutrophilic inflammation 
and S. pneumoniae colonisation. These results reveal a 
distinct COPD subgroup with H. influenzae colonisation 
that persists over time and is associated with increased 
neutrophilic inflammation in both the lungs and systemic 
circulation.

The 16S rRNA microbiome results supported the qPCR 
analysis, showing increased Haemophilus abundance 
in the H. influenzae group defined by qPCR at baseline, 

with no other genus enriched in this group. In contrast, a 
variety of other bacterial genus (not Haemophilus) were 
enriched in the S. pneumoniae group. Additionally, most 
of the > 1PPM group (92%) were colonised with H. influ-
enzae, and there was a trend towards increased sputum 
neutrophil counts in this group. Overall, these qPCR and 
16S rRNA results indicate that Haemophilus colonisation 
may occur with or without the presence of other colonis-
ing bacteria, but that the presence of H. influenzae is the 
key component causing the association with neutrophil 
counts.

H. influenzae and > 1PPM groups displayed the great-
est stability over 6  months compared to S. pneumoniae 
and M. catarrhalis. It was not possible to determine if the 
changes in inflammatory cell counts were solely attrib-
uted to the presence of H. influenzae or rather the per-
sistence of airway colonisation in these patients, although 
there is evidence to support the former [10]. Significant 
associations were demonstrated using both qPCR and 16s 
rRNA gene sequencing for Haemophilus measurements 
at baseline and 6  months. Sputum neutrophils showed 
a similar pattern. Changes in airway neutrophils on an 
individual basis over time showed remarkable concord-
ance with that of H. influenzae colonisation in the sub-
group (n = 69) with sputum cell counts and microbiology 
data at both baseline and 6 months. The presence of H. 
influenzae appeared to influence the sputum neutrophil 
percentage, with persistently higher neutrophils being 
observed in those with H. influenzae present at both 
visits, and concordant changes in neutrophils observed 
when H. influenzae presence changed (Fig.  6). We also 
observed that persistent H. influenzae colonisation was 

Fig. 4 Stability of Haemophilus influenzae presence and airway neutrophil % over 6 months. Scatter correlation of Haemophilus influenzae (HI) 
genome copies/mL at baseline versus 6 months thereafter (n = 122) (a). Scatter correlation of sputum neutrophil percentage at baseline versus 
6 months thereafter (n = 69) (b). Statistical analysis was performed using Spearmans Rank order correlation. Data represent individual patients with 
linear regression
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associated with a lower  FEV1 predicted, and a numeri-
cally higher exacerbation rate (although this difference 
was not statistically significant, possibly due to the small 
sample size, n = 9). The clinical phenotype relating to 
persistent colonisation with H. influenzae is likely to be of 
important clinical relevance and warrants further investi-
gation in larger longitudinal cohort analysis.

Previous studies have shown associations between 
total airway bacterial load and neutrophilic inflammation 
using sputum [6, 19] and broncho-alveolar lavage [20] 
samples. H. influenzae presence in stable state sputum 

samples has been associated with increased sputum 
neutrophil counts [21, 22] and other pro-inflammatory 
biomarkers [19]. The present study confirms these obser-
vations regarding H. influenzae, and extends our knowl-
edge by showing that H. influenzae persists in the stable 
state in a COPD subgroup, and is associated with persis-
tent sputum neutrophilic inflammation and a skewing 
away from eosinophilic inflammation. Furthermore, we 
show an association between H. influenzae and systemic 
neutrophilic inflammation. Increased systemic inflamma-
tion is associated with co-morbidities including cachexia 

Fig. 5 Changes in airway colonisation of respective potentially pathogenic microorganisms over 6 months. Patients were categorised into five 
groups based on bacterial load defined by genome copies/ml of ≥ 1 × 104; No colonisation (NC) (45.9%), Haemophilus influenzae (HI) (17.2%), 
Streptococcus pneumoniae (SP) (15.6%), > 1 potentially pathogenic microorganism (PPM) (17.2%) or Moraxella catarrhalis (MC) (4.1%) (n = 122). Within 
groups, PPM classification at 6 months follow up is shown. 53.5, 42.9, 26.3, 42.9 and 0% of patients were recorded in the same group as baseline for 
no colonisation, HI, SP, > 1PPM and MC respectively
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and cardiovascular disease, highlighting the potential 
clinical importance of our findings [23, 24].

Some COPD studies have shown that greater neutro-
philic airway inflammation in the stable state is associ-
ated with poor clinical outcomes [25], including  FEV1 
decline [26], while other studies have reported little con-
vincing evidence of any relationship [27]. Perhaps the 
variation between studies is due to differences between 
populations in the extent of bacterial colonisation with H. 
influenzae which is known to increase exacerbation sus-
ceptibility, particularly when exposure to human rhinovi-
rus occurs [28].

Clinical trials have shown that lower sputum eosino-
phil numbers are associated with a reduced response to 
corticosteroid treatment [29]. The clinical use of blood 
eosinophils to direct ICS treatment is based on the asso-
ciation between blood and lung eosinophil numbers [12, 
13]. Our findings implicate H. influenzae presence as 
a determinant of ICS response, as this bacterium skews 
the airway inflammation profile away from eosinophilic 
inflammation which is more ICS responsive. Further-
more, it has recently been reported that lower blood 
eosinophil counts are associated with increased chronic 
bacterial infection [30]. H. influenzae causes secre-
tion of CXCL8 (a neutrophil chemokine) from alveo-
lar macrophages in a corticosteroid insensitive manner 
in response to exposure [31], potentially explaining the 
observed skewing of neutrophil relative to eosinophil 
numbers.

H. influenzae can persist in the lung through various 
evasive pathogenic features, for example by formation of 
biofilms and resistance to neutrophil extracellular traps 
[32, 33]. The strains of H. influenzae present in the lungs 
of COPD patients may change over time [34]; our analy-
sis does not define whether H. influenzae persistence 
at both baseline and 6  months are the same or differ-
ent strains. Regardless, increases in neutrophilic airway 
inflammation associated with H. influenzae colonisation 
at baseline and 6 month visits were similar.

It has been reported that increased blood neutrophil 
numbers are associated with increased pneumonia risk 
in COPD patients [35]. These reports are compatible 
with the links between infection, microbiome dysbiosis 
and systemic inflammation reported here. Although we 
report only a relative increase in systemic neutrophil lev-
els, the neutrophil–lymphocyte ratio (NLR) has received 
growing interest as a marker of systemic inflammation 
[36], and as a marker of severity for sepsis, pneumonia 
and cardiovascular diseases [36, 37]. We found the NLR 
to be significantly higher in those colonised with H. influ-
enzae, further supporting a role for the species in driving 
systemic inflammation and pneumonia risk.

M. catarrhalis has been previously described as an 
exacerbation-related opportunistic pathogen [5, 10]. We 
report a lower stable state prevalence of M. catarrhalis 
(8.1%) than previous studies reporting 16% and 11% prev-
alence [38, 39]. These previous studies reported greater 
exacerbation frequencies prior to sampling (mean/year 
3.6 and 3.5 [38, 39] compared with 1.89 in our analysis), 
possibly explaining the differences.

A limitation of this study is the reduced sample size 
during repeat sampling due to patient drop outs, exac-
erbations causing delayed stable visits and failure to 
produce a sputum sample at every visit. A large propor-
tion of sputum samples analysed were spontaneously 

Fig. 6 Levels of Haemophilus influenzae and sputum neutrophils 
at baseline and 6 months later. Change in Haemophilus influenzae 
(HI) level over 6 months for patients colonised with HI at both visits 
(n = 9) (a). Sputum neutrophil % over 6 months corresponding 
to patients in panel 6a (b). Change in HI level over 6 months for 
patients with development or loss of HI colonisation over 6 months 
(n = 5) (c). Sputum neutrophil % over 6 months corresponding to 
patients in panel c (n = 5) (d). Sputum neutrophil % over 6 months 
corresponding to patients with no colonisation at both visits 
(n = 13) (e). Green lines indicate gain and blue line indicates loss of 
HI colonisation over 6 months. Corresponding graph for panel 6e 
not shown as colonisation was below the lower level of detection. 
Dotted line indicates lower level of detection for bacterial qPCR 
of ≥ 1 × 104 genome copies/mL (a, c). No formal statistical analyses 
were undertaken
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produced (83% and 88% at baseline and 6 months respec-
tively). Previous studies have reported no differences in 
sputum cell percentages between induced and sponta-
neous samples [6, 17, 40], with our results agreeing with 
these findings. We observed a higher total cell count, and 
total neutrophil and macrophage counts in induced sam-
ples. Some caution should be applied not to over-inter-
pret these findings, as the number of induced samples 
was much smaller, and no difference in total cell counts 
has been previously reported when paired samples from 
the same subjects were analysed [40]. Furthermore, this 
finding for total cell counts was not associated with any 
differences in bacteriology data. Nevertheless, our find-
ings suggest the possibility that sputum induction results 
in more cellular samples compared to spontaneously 
obtained sputum, and this may have been a source of 
variation in this study [41]. Also, a large proportion of 
patients reported current use of ICS. It has been reported 
that higher ICS doses are significantly associated with 
greater total airway bacterial load [4, 7], but we did not 
see a difference in ICS use between groups, perhaps due 
to the high overall ICS use. Some patients were current 
smokers (34%); a previous analysis of the COPDMAP 
data reports no difference in microbiome between smok-
ing and non-smoking individuals [42]. We were unable 
to determine if any changes in colonisation status were 
affected by antibiotics or prior vaccination. Finally, our 
analyses did not extend to investigation of the molecular 
mechanisms pertaining to the relationship between H. 
influenzae colonisation and neutrophilic inflammation.

Conclusion
In conclusion, we observed a subgroup of COPD patients 
with persistent H. influenzae colonisation; this was asso-
ciated with increased airway and systemic neutrophilic 
airway inflammation, and less eosinophilic airway inflam-
mation. Although these results do not confirm causality, 
they highlight the possibility that H. influenzae may have 
a unique influence on inflammatory cells of the airway 
and circulation in COPD patients.
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