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ABSTRACT Lower airway colonisation with species of potentially pathogenic bacteria (PPB) is associated
with defective bacterial phagocytosis, in monocyte-derived macrophages (MDMs) and alveolar
macrophages, from tobacco smoke-associated chronic obstructive pulmonary disease (S-COPD) subjects.
In the developing world, COPD among nonsmokers is largely due to biomass smoke (BMS) exposure;
however, little is known about PPB colonisation and its association with impaired innate immunity in
these subjects.

We investigated the PPB load (Streptococcus pneumoniae, Haemophilus influenzae, Moraxella catarrhalis
and Pseudomonas aeruginosa) in BMS-exposed COPD (BMS-COPD) subjects compared with S-COPD
and spirometrically normal subjects. We also examined the association between PPB load and phagocytic
activity of MDMs and lung function. Induced sputum and peripheral venous blood samples were collected
from 18 healthy nonsmokers, 15 smokers without COPD, 16 BMS-exposed healthy subjects, 19 S-COPD
subjects and 23 BMS-COPD subjects. PPB load in induced sputum and MDM phagocytic activity were
determined using quantitative PCR and fluorimetry, respectively.

Higher bacterial loads of S. pneumoniae, H. influenzae and P. aeruginosa were observed in BMS-COPD
subjects. Increased PPB load in BMS-exposed subjects was significantly negatively associated with defective
phagocytosis in MDMs and spirometric lung function indices (p<0.05).

Increased PPB load in airways of BMS-COPD subjects is inversely associated with defective bacterial
phagocytosis and lung function.
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Introduction
Chronic obstructive pulmonary disease (COPD) is a progressive, debilitating, inflammatory airway
condition usually caused by chronic exposure to noxious inhaled pollutants. It is the third leading cause of
death worldwide and second leading cause of death in India [1, 2]. Tobacco smoking is the most
established risk factor for COPD development, although its population-attributable fraction is <50% [3].
Recent evidence from developing countries reveals that exposure to smoke generated from the combustion
of biomass fuel (i.e. indoor or household air pollution) in poorly ventilated homes is also an important
risk factor for COPD, especially in females [3–5]. It has been estimated that 70% of houses in India and
∼50% of the houses in the world, especially countries in Africa, Southeast Asia, South Asia and South
America, use biomass fuel for cooking and heating purposes [5]. About 85% of COPD in a rural
population in India was found among people who had never smoked [4].

The airways of tobacco smoke-associated COPD (S-COPD) subjects are frequently colonised with species
of potentially pathogenic bacteria (PPB), whereas the airways of smokers without COPD and healthy
nonsmokers are usually not colonised with PPB [6, 7]. The presence of PPB is strongly associated with
recurrent acute exacerbations, increased airway inflammation and progressive decline in lung function in
COPD subjects [8, 9]. Exacerbations are important clinical characteristics of COPD, and are major
contributors to morbidity and mortality [10]. PATEL et al. [11] reported that bacterial colonisation increases
the frequency of exacerbations in COPD subjects, denoting a role of bacterial load in determining the
presence and severity of exacerbations. The commonest pathogenic organisms that colonise the lower
respiratory tract among COPD subjects are Haemophilus influenzae, Streptococcus pneumoniae, Moraxella
catarrhalis and Pseudomonas aeruginosa [7, 9, 11]. The loads of these pathogenic bacteria were found to
be increased during COPD exacerbations, indicating their possible role in causation [9, 11].

Macrophages are the key immune cells that play an important role in removal of PPB from the airways
[12]. The removal of PPB via phagocytosis is essential for maintaining a pathogen-free airway. However,
impaired phagocytic activity of macrophages for bacteria is observed in S-COPD subjects. Macrophages
from lungs of S-COPD subjects showed reduced phagocytic activity to H. influenzae and S. pneumoniae
[13, 14]. This has been implicated as one of the underlying causes for persistent infection and
inflammation in the lungs of COPD patients [8, 15].

Obtaining macrophages from lungs to study their phagocytic function requires invasive procedures such as
bronchoscopy. Blood monocytes migrate from the circulation to the lungs and differentiate into
macrophages, and the population of these macrophages is found to be increased in COPD [16].
Monocyte-derived macrophages (MDMs) are widely used as a model to understand the phagocytic activity
of macrophages in vitro in many inflammatory airway diseases, such as COPD, asthma and cystic fibrosis
[17–19]. However, we and others have shown that MDMs can be used as a surrogate for lung
macrophages [17, 18, 20]. Prior studies in S-COPD subjects have reported that MDMs from S-COPD
subjects exhibit defective bacterial phagocytosis compared with healthy subjects and this phagocytic defect
does not differ significantly from that in alveolar macrophages [17]. As MDMs are easily and safely
accessible, they are widely used to study macrophage biology of the airways [21].

Defective bacterial phagocytosis by MDMs has been shown to be associated with greater colonisation of
PPB in the respiratory tract of S-COPD subjects [17, 22], although these studies need to be replicated in
other parts of world. However, the phagocytic ability of MDMs in biomass smoke (BMS)-exposed COPD
(BMS-COPD) subjects has not been reported. In this study, we investigated the airway PPB load and
bacterial phagocytic activity of MDMs from BMS-COPD subjects, and compared this with S-COPD and
healthy subjects residing in rural India.

Methods
Study subjects
We recruited 47 COPD patients (19 S-COPD and 28 BMS-COPD) and 49 controls (18 nonsmokers
(H-NS), 15 smokers without COPD (HS) and 16 BMS-exposed healthy subjects (H-BMS)) from the Chest
Research Foundation (CRF; Pune, India) COPD cohort (supplementary material). Quality of life was
assessed with the COPD Assessment Test (CAT) and St George’s Respiratory Questionnaire (SGRQ) for
COPD [23, 24]. The diagnosis of COPD was established using Global Initiative for Chronic Obstructive
Lung Disease (GOLD) criteria, i.e. presence of post-bronchodilator forced expiratory volume in 1 s
(FEV1)/forced vital capacity (FVC) <70% and FEV1 <80% pred [25]. Age-matched controls were recruited
from the same villages, and had normal spirometry, no underlying clinical abnormality and normal chest
radiography.

The criterion of H-BMS phenotype and BMS-COPD diagnosis was based on a minimum of 2 h of
exposure to BMS per day for at least 20 years [26]. The BMS exposure was expressed as hours-year
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(product of the number of years exposed to smoke due to combustion of biomass fuel and the average
number of hours spent daily around the biomass fuel smoke). HS and S-COPD subjects were participants
who had smoked ⩾10 pack-years. Subjects with a past or current history of passive smoking, tuberculosis,
asthma, lung cancer or allergy were excluded from the study. In addition, the recruited COPD subjects had
no exacerbations/clinical infections during enrolment and were not under any systemic/inhaled
corticosteroid or antibiotic treatment in the preceding 12 weeks.

Written informed consent was obtained from all subjects and the study was approved by the Institutional
Ethics Committee of CRF.

Spirometry
Spirometry was performed in accordance with European Respiratory Society/American Thoracic Society
guidelines [27]. Values were expressed either as absolute volumes or flows, or as percentage predicted
based on age, sex, weight, height and ethnicity.

Sputum induction
Sputum induction was performed by nebulising 3% (w/v) hypertonic saline through an ultrasonic
nebuliser (Omron, Kyoto, Japan) for 15–20 min. Differential cell count was also performed on the induced
sputum samples. The detailed protocol of sputum induction and differential cell count is outlined in the
supplementary material.

Quantitative PPB culture
Quantitative bacterial culture was performed in the induced sputum for S. pneumoniae, H. influenzae, M.
catarrhalis and P. aeruginosa as described in the supplementary material.

DNA extraction from sputum samples
DNA was extracted from the stored induced sputum samples according to the manufacturer’s instructions
using a QIAmp DNA Mini Kit (Qiagen, Hilden, Germany) and stored at –20°C. DNA quantification was
performed using a NanoDrop ND-1000 spectrophotometer (ThermoFisher Scientific, Waltham, MA,
USA) and quality was checked on 0.8% agarose gel.

Standard bacterial DNA
DNA of S. pneumoniae (ATCC 49619/DSM 24048), H. influenzae (ATCC 10211/DSM 11969) and
M. catarrhalis (ATCC 9143/DSM 9143) was purchased from the German Collection of Microorganisms
and Cell Cultures (Leibniz Institute DSMZ, Leibniz, Germany). The DNA from P. aeruginosa (ATCC
27853/MCC 2080) was isolated at the Microbial Culture Collection, National Centre for Cell Sciences
(Pune, India) using a MoBio Microbial DNA Isolation Kit (Qiagen) according to the manufacturer’s
instructions.

Quantitative PCR
Quantitative PCR (qPCR) was performed using the SYBR Green assay to quantify S. pneumoniae,
H. influenzae, M. catarrhalis and P. aeruginosa by targeting validated primers (Spn9802, P4 lipoprotein,
CopB and Pa23, respectively) according to previously defined protocols established on sputum samples
[15, 28]. The primer sequences and qPCR program are listed in supplementary tables S1 and S2,
respectively.

Monocyte isolation and phagocytosis assay
Monocytes were isolated from peripheral venous blood and differentiated to MDMs as described in the
supplementary material. The phagocytic activity of MDMs to fluorescently labelled polystyrene beads or
heat-killed nonopsonised PPB was measured as described previously (supplementary material) [17].

Viability assay
After phagocytosis, the viability of MDMs was determined by the 3-(4,5-dimethythiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay (supplementary material).

Statistical analysis
Prism version 7.0 (GraphPad, San Diego, CA, USA) was used for analysis. Normality of data was
determined by the Shapiro–Wilk normality test. For nonparametric data, Kruskal–Wallis/Dunn’s multiple
comparisons test was performed; for parametric data, ANOVA/Tukey’s multiple comparisons test was
performed. Correlations were determined using the Spearman rank correlation test. SPSS version 23.0
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(IBM, Armonk, NY, USA) was used to perform multivariate linear regression analysis. Differences were
considered significant if p<0.05.

Results
Study subjects
The 91 subjects recruited to the study included 18 H-NS, 15 HS, 16 H-BMS, 19 S-COPD and 23
BMS-COPD subjects. Out of 91 subjects, only 76 subjects provided usable sputum samples (⩾0.5 g
sputum plugs per sample) for quantifying the bacterial load (14 H-NS, 11 HS, 15 H-BMS, 16 S-COPD
and 20 BMS-COPD). The demographic details are presented in table 1 (76 subjects) and supplementary
table S3 (91 subjects).

There were no significant differences in age between the study groups. The number of pack-years smoked
was similar between HS and S-COPD subjects (p>0.05). Similarly, the BMS exposure history was similar
between H-BMS and BMS-COPD subjects (p>0.05). The total CAT score of S-COPD subjects was
significantly higher compared with BMS-COPD subjects (p<0.05), but the total SGRQ score and
spirometric indices were not statistically different among the COPD subgroups (S-COPD and
BMS-COPD) (p>0.05). Furthermore, there were no statistically significant differences in β-agonist and
anticholinergic use between S-COPD and BMS-COPD subjects.

Load of pathogenic microbes as determined by qPCR
Initially, a sex-based comparison for PPB was performed by comparing sputum samples from male subjects
(H-NS, HS and S-COPD) and female subjects (H-BMS and BMS-COPD). We did not observe any significant
difference in the load of each PPB (S. pneumoniae, H. influenzae, M. catarrhalis or P. aeruginosa) and overall

TABLE 1 Demographic characteristics of the 40 healthy and 36 chronic obstructive pulmonary disease (COPD) subjects

Healthy subjects COPD subjects

H-NS HS H-BMS S-COPD BMS-COPD

Subjects 14 11 15 16 20
Age years 64.00±3.11 64.00±5.88 61.67±9.16 63.81±7.84 63.55±6.34
Sex
Male 14 11 0 16 0
Female 0 0 15 0 20

Smoking history pack-years 0 (0–0)¶,
§

40.00 (16.20–55.00) 0 (0–0)¶,
§

37.50 (21.59–53.00) 0 (0–0)¶,
§

Smoking status
Current smoker 0 9 0 14 0
Ex-smoker 0 2 0 2 0

BMS exposure history hours-year 0 (0–0) 0 (0–0) 138 (130–252)#,
¶,§ 0 (0–0) 134 (120–204)#,

¶,§

BMS exposure status
Currently exposed 0 0 15 0 23
Previously exposed 0 0 0 0 0

Total CAT score 25.56±8.08 18.60±6.79§

Total SGRQ score 72.89 (48.55–79.84) 70.54 (51.27–76.38)
GOLD classification
1 (mild) 2 4
2 (moderate) 5 6
3 (severe) 7 4
4 (very severe) 2 4

Use of β-agonists 43.75 (7) 45 (9)
Use of anticholinergics 12.5 (2) 20 (4)
FEV1/FVC % 78.06±6.29 77.75±3.98 79.25±4.91 53.06±11.51#,

¶,+ 52.96±9.34#,
¶,+

Post-bronchodilator FEV1 % pred 102.80±11.35 91.60±6.52 95.76±10.76 46.43±15.12#,
¶,+ 50.17±14.10#,

¶,+

Post-bronchodilator FVC % pred 99.81
(95.23–108.2)

88.77
(85.46–98.81)#,

+
99.37

(91.38–111.1)
68.72

(57.57–86.38)#,
¶,+

74.27
(56.86–93.63)#,

¶,+

Data are presented as n, mean±SD, median (interquartile range) or % (n). BMS: biomass smoke; H-NS: healthy nonsmokers; HS: smokers
without COPD; H-BMS: BMS-exposed healthy subjects; S-COPD: tobacco smoke-associated COPD subjects; BMS-COPD: BMS-exposed COPD
subjects; CAT: COPD Assessment Test; SGRQ: St George’s Respiratory Questionnaire; GOLD: Global Initiative for Chronic Obstructive Lung
Disease; FEV1: forced expiratory volume in 1 s; FVC: forced vital capacity. The Shapiro–Wilk normality test was performed. Within-group
comparison was performed by the Kruskal–Wallis/Dunn’s multiple comparisons test for nonparametric data and ANOVA/Tukey’s multiple
comparisons test for parametric data. #: p⩽0.05 versus H-NS; ¶: p⩽0.05 versus HS; +: p⩽0.05 versus H-BMS; §: p⩽0.05 versus S-COPD.
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PPB load (mean load of S. pneumoniae, H. influenzae, M. catarrhalis and P. aeruginosa) in the airways
between the male and female subjects (p>0.05) (supplementary figures S1 and S2).

For the induced sputum qPCR assay of S. pneumoniae and P. aeruginosa, a cut-off value of >1×104

genomic copies·mL−1 was considered [29, 30]. For H. influenzae and M. catarrhalis qPCR assay, a cut-off
of >1×105 genomic copies·mL−1 was considered [31, 32]. The percentage of samples above the cut-off for
S. pneumoniae, H. influenzae, M. catarrhalis and P. aeruginosa was 67.11% (51 out of 76), 71.05% (54 out
of 76), 65.79% (50 out of 76) and 47.47% (36 out of 76), respectively.

In H-NS subjects, the load of S. pneumoniae and H. influenzae in induced sputum samples was negligible
compared with BMS-COPD and S-COPD subjects (p<0.0001) (figure 1a and b). We observed that the
load of S. pneumoniae and H. influenzae in induced sputum samples of BMS-COPD and S-COPD
subjects was significantly higher compared with H-BMS (S. pneumoniae: p<0.0001; H. influenzae:
p=0.0002) and HS (S. pneumoniae: p<0.0001; H. influenzae: p=0.0002) subjects (figure 1a and b).
Interestingly, in this study the load of M. catarrhalis in induced sputum was significantly higher in
S-COPD subjects compared with BMS-COPD subjects (p<0.0001) (figure 1c). However, the load of
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FIGURE 1 Bacterial load of potentially pathogenic bacteria in induced sputum samples among study subjects
using quantitative PCR assay: a) Streptococcus pneumoniae, b) Haemophilus influenzae, c) Moraxella catarrhalis
and d) Pseudomonas aeruginosa, in healthy nonsmokers (H-NS) (n=14), smokers without chronic obstructive
pulmonary disease (COPD) (HS) (n=11), biomass smoke (BMS)-exposed healthy subjects (H-BMS) (n=15),
tobacco smoke-associated COPD subjects (S-COPD) (n=16) and BMS-exposed COPD (BMS-COPD) subjects
(n=20). The Shapiro–Wilk normality test was performed. Data are presented as dot plots with median
(interquartile range). The Kruskal–Wallis test followed by Dunn’s multiple comparisons test was performed
for within-group comparisons. p<0.05 was considered statistically significant.
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P. aeruginosa was found to be higher in induced sputum samples of BMS-COPD subjects compared with
S-COPD subjects (p<0.0001) (figure 1d).

A comparison of the PPB load in the airways among healthy controls was also performed. We did not
observe any difference in the load of S. pneumoniae among healthy controls (H-NS, HS and H-BMS)
(figure 1a). However, the load of H. influenzae in the airways of H-BMS and HS subjects was higher
compared with H-NS subjects, but this load was found to be statistically significant only for H-BMS
subjects (p=0.019) (figure 1b). Although the load of M. catarrhalis in healthy controls was below the
cut-off limits, the load of M. catarrhalis in the airways of HS subjects was significantly elevated compared
with H-NS and HS subjects (p=0.019) (figure 1c). Interestingly, P. aeruginosa showed an increased load in
H-BMS subjects compared with HS and H-NS subjects, but this load was not found to be statistically
significant (p>0.05) (figure 1d).

Load of pathogenic microbes as determined by microbial culturing
In a subset of samples, we also investigated the PPB load through microbial culture methods, and
confirmed S. pneumoniae and H. influenzae were significantly higher in the induced sputum samples of
BMS-COPD and S-COPD subjects compared with healthy subjects (p<0.05) (supplementary figure S3a
and b). Similar to the qPCR data, the CFU·mL−1 values of M. catarrhalis were also higher in tobacco
smoke-exposed subjects (p<0.05) (supplementary figure S3c), whereas P. aeruginosa was exclusively higher
among BMS-exposed subjects (p<0.05) (supplementary figure S3d).

In this study, the considered cut-off value for bacterial species to be pathogenic was ⩾104 CFU·mL−1 for
S. pneumoniae, H. influenzae and M. catarrhalis, and ⩾105 CFU·mL−1 for P. aeruginosa [33]. The
percentage of samples as determined by microbial culture methods above the cut-off for S. pneumoniae,
H. influenzae, M. catarrhalis and P. aeruginosa was 52% (13 out of 25), 80% (20 out of 25), 40% (10 out
of 25) and 40% (10 out of 25), respectively.
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FIGURE 2 Relationship between bacterial load in induced sputum samples and forced expiratory volume in 1 s
(FEV1) % pred in biomass smoke-exposed chronic obstructive pulmonary disease subjects (n=20): a)
Streptococcus pneumoniae, b) Haemophilus influenzae, c) Moraxella catarrhalis and d) Pseudomonas aeruginosa.
The Shapiro–Wilk normality test was performed. Correlation coefficients were calculated using nonparametric
Spearman correlation analysis. p<0.05 was considered statistically significant.
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Correlation between bacterial load and lung function
Having shown differences in bacterial load in the sputum of subjects with COPD and controls, we wanted
to determine whether these differences were associated with changes in lung function parameters.

In BMS-exposed subjects (BMS-COPD and H-BMS), the airway load of S. pneumoniae, H. influenzae and
P. aeruginosa negatively correlated with FEV1 % pred (p<0.05) (figure 2 and supplementary figure S4),
FVC % pred (p<0.05) (figure 3 and supplementary figure S5) and FEV1/FVC (p<0.05) (supplementary
figures S6 and S7).

Similarly, in tobacco smoke-exposed subjects (S-COPD and HS) a significant negative correlation was
observed between the load of S. pneumoniae, H. influenzae and M. catarrhalis and FEV1 % pred (p<0.05)
(supplementary figures S8 and S11), FVC % pred (p<0.05) (supplementary figures S9 and S12) and FEV1/
FVC (p<0.05) (supplementary figures S10 and S13).

Correlation between bacterial load and age, smoking history and biomass exposure history
With a multivariate linear regression model, we showed that age was not associated with PPB load among
the subjects (p>0.05) (supplementary table S4), and that BMS exposure history was statistically positively
associated with the load of S. pneumoniae, H. influenzae and P. aeruginosa (p<0.05) (supplementary table S4).
However, tobacco smoking history was significantly positively associated with the load of S. pneumoniae,
H. influenzae and M. catarrhalis (p<0.05) (supplementary table S4).

Comparison of total sputum macrophages among the subject groups
The total count of sputum macrophages was also investigated. We observed that the number of
macrophages present in the induced sputum samples of BMS-COPD subjects was higher compared with
H-BMS and H-NS subjects, but was statistically significant compared with H-NS subjects (p=0.0005)
(supplementary figure S14). Similarly, in S-COPD subjects, the number of sputum macrophages was found
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FIGURE 3 Relationship between bacterial load in induced sputum samples and lung forced vital capacity (FVC)
% pred in biomass smoke-exposed chronic obstructive pulmonary disease subjects (n=20): a) Streptococcus
pneumoniae, b) Haemophilus influenzae, c) Moraxella catarrhalis and d) Pseudomonas aeruginosa. The Shapiro–
Wilk normality test was performed. Correlation coefficients were calculated using nonparametric Spearman
correlation analysis. p<0.05 was considered statistically significant.
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to be significantly higher compared with HS (p=0.0004) and H-NS (p<0.0001) subjects (supplementary
figure S14).

Correlation between total sputum macrophages and bacterial load in airways
We analysed the association between total sputum macrophage count and PPB load in the airways.
A significant positive association was observed between total sputum macrophages and the load of
S. pneumoniae and H. influenzae in BMS-COPD and S-COPD subjects (p<0.05) (supplementary figures S15
and S17). Interestingly, the load of P. aeruginosa was found to be positively associated with total sputum
macrophages in BMS-exposed subjects (BMS-COPD and H-BMS) (p<0.05) (supplementary figures S15
and S16), whereas the load of M. catarrhalis was associated with total sputum macrophages in tobacco
smoke-exposed subjects (S-COPD and HS) (p<0.05) (supplementary figures S17 and S18).

Correlation between bacterial load and quality of life scores of COPD subjects
We also investigated the relationship between the colonisation of these PPB in the airways and quality of
life in COPD. In BMS-COPD subjects, a significant positive association was observed between the total
SGRQ score and the load of S. pneumoniae (r=0.692, p=0.0007), H. influenzae (r=0.579, p=0.007) and
P. aeruginosa (r=0.640, p=0.002) (figure 4). Similarly, a significant positive association was observed
between the total CAT score and the load of S. pneumoniae (r=0.564, p=0.009), H. influenzae (r=0.614,
p=0.004) and P. aeruginosa (r=0.792, p<0.0001), but not M. catarrhalis (figure 5).

A significant positive association in S-COPD subjects was observed between the total SGRQ and CAT
scores and the load of S. pneumoniae, H. influenzae and M. catarrhalis, but not P. aeruginosa (p<0.05)
(supplementary figures S19 and S20).

Phagocytic activity of MDMs
Having established increased airway bacterial load in COPD subjects, we examined whether this defect
could be associated with reduced innate immune responses such as decreased phagocytosis. We observed
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FIGURE 4 Relationship between bacterial load in induced sputum samples and total St George’s Respiratory
Questionnaire (SGRQ) score in biomass smoke-exposed chronic obstructive pulmonary disease subjects
(n=20): a) Streptococcus pneumoniae, b) Haemophilus influenzae, c) Moraxella catarrhalis and d) Pseudomonas
aeruginosa. The Shapiro–Wilk normality test was performed. Correlation coefficients were calculated using
nonparametric Spearman correlation analysis. p<0.05 was considered statistically significant.
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no differences in the phagocytosis of inert beads by MDMs between the different subject groups (p>0.05)
(figure 6a), implying that all MDMs were capable of phagocytosis. We also compared bacterial phagocytic
activity of MDMs among male (H-NS, HS, S-COPD) and female (H-BMS and BMS-COPD) subjects;
however, we did not observe any significant difference in the MDM phagocytic activity of each PPB and
overall phagocytic activity (mean phagocytic activity of beads, S. pneumoniae and H. influenzae) between
male and female subjects (p>0.05) (supplementary figure S21).

We next examined the response of these MDMs to fluorescently tagged heat-killed PPB (S. pneumoniae
and H. influenzae), and observed impaired phagocytosis by MDMs of BMS-COPD and S-COPD subjects
compared with H-NS subjects (S. pneumoniae and H. influenzae: p<0.0001) (figure 6b and c). Also,
MDMs from BMS-COPD subjects demonstrated significantly impaired bacterial phagocytosis compared
with H-BMS subjects (S. pneumoniae: p=0.0001; H. influenzae: p=0.031) (figure 6b and c). Similarly,
MDMs from S-COPD subjects demonstrated impaired phagocytic activity compared with HS subjects, but
this difference was found to be not statistically significant (S. pneumoniae and H. influenzae: p>0.05)
(figure 6b and c).

In addition, we observed that MDMs from H-NS subjects exhibited a significantly higher PPB phagocytic
activity compared with HS subjects (S. pneumoniae: p=0.012; H. influenzae: p=0.015), but not compared
with H-BMS subjects (S. pneumoniae and H. influenzae: p>0.05) (figure 6b and c). Interestingly, there
were no significant differences in the MDM phagocytic activity for S. pneumoniae and H. influenzae
within COPD (BMS-COPD and S-COPD) and healthy exposed (H-BMS and HS) subjects (p>0.05)
(figure 6b and c).

Relationship between bacterial phagocytosis by MDMs and induced sputum bacterial load
Having identified a defect in innate immune responses, we wanted to determine whether this could be
related to PPB load in the airways of these subjects. We observed that phagocytic activity by MDMs from
BMS-exposed subjects (BMS-COPD and H-BMS) for both S. pneumoniae and H. influenzae negatively
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FIGURE 5 Relationship between bacterial load in induced sputum samples and total chronic obstructive
pulmonary disease (COPD) Assessment Test (CAT) score in biomass smoke-exposed COPD subjects (n=20):
a) Streptococcus pneumoniae, b) Haemophilus influenzae, c) Moraxella catarrhalis and d) Pseudomonas
aeruginosa. The Shapiro–Wilk normality test was performed. Correlation coefficients were calculated using
nonparametric Spearman correlation analysis. p<0.05 was considered statistically significant.
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correlated with induced sputum bacterial load (BMS-COPD: S. pneumoniae: r=–0.752, p=0.0001 and
H. influenzae: r=–0.743, p=0.0002; H-BMS: S. pneumoniae: r=−0.699, p=0.005 and H. influenzae: r=–0.556,
p=0.034) (figure 7 and supplementary figure S23). Similarly, phagocytic activity of MDMs from tobacco
smoke-exposed subjects (S-COPD and HS) negatively correlated with increased load of S. pneumoniae and
H. influenzae in induced sputum (supplementary figures S24 and S25).

Relationship between bacterial phagocytosis by MDMs and spirometric lung function indices
Having shown differences in PPB phagocytic activity by MDMs and its association with bacterial load in
the airways, we wanted to determine if these differences were associated with changes in lung function
parameters. We observed that in both BMS- and tobacco smoke-exposed subjects, MDM phagocytosis of
S. pneumoniae and H. influenzae was positively associated with spirometric lung function indices (p<0.05)
(supplementary figures S26–S37).

Relationship between bacterial phagocytosis by MDMs and demographic characteristics
We also investigated whether there was any relationship between bacterial phagocytic activity of MDMs
and demographic characteristics. We found that age was not associated with MDM phagocytic activity
across all subjects (p>0.05) (supplementary table S5). Both BMS and tobacco smoke exposure history were
strongly positively associated with MDM phagocytosis of S. pneumoniae and H. influenzae (p<0.05)
(supplementary table S5).
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FIGURE 6 Phagocytosis of fluorescently labelled beads and bacteria by monocyte-derived macrophages
(MDMs): a) Streptococcus pneumoniae, b) Haemophilus influenzae, c) Moraxella catarrhalis and d) Pseudomonas
aeruginosa, in healthy nonsmokers (H-NS) (n=18), smokers without chronic obstructive pulmonary disease
(COPD) (HS) (n=15), biomass smoke (BMS)-exposed healthy subjects (H-BMS) (n=16), tobacco
smoke-associated COPD subjects (S-COPD) (n=19) and BMS-exposed COPD (BMS-COPD) subjects (n=23).
RFU: relative fluorescence units. The Shapiro–Wilk normality test was performed. Data are presented as dot
plots with median (interquartile range). The Kruskal–Wallis test followed by Dunn’s multiple comparisons test
was performed for within-group comparisons. p<0.05 was considered statistically significant.
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Relationship between bacterial phagocytosis by MDMs and quality of life of COPD subjects
We investigated the relationship between MDM phagocytic activity for PPB and the quality of life of
COPD subjects. For BMS-COPD subjects, there was a significant negative association between the total
CAT score and MDM phagocytosis of S. pneumoniae (r=–0.444, p=0.034) and H. influenzae (r=–0.416,
p=0.048) (supplementary figure S38). A similar significant negative association was observed between the
total SGRQ score and MDM phagocytosis of S. pneumoniae (r=–0.453, p=0.029) and H. influenzae
(r=0.579, p=0.007) (supplementary figure S40).

A similar relationship was also observed for S-COPD subjects, where there appeared to be a significant
negative association between the total CAT and SGRQ scores and the phagocytic activity of MDMs for S.
pneumoniae and H. influenzae (supplementary figures S39 and S41).

Viability assay
It was possible that the reduced phagocytic responses observed could be due to bacteria-induced cell death.
In order to investigate this, MTT assays to measure cell viability were performed. Throughout the
experimental conditions the viability of MDMs was ⩾90% for all samples (figure 8).

Discussion
Macrophages are key protective innate immune cells that guard against invasion of PPB. S-COPD subjects
harbour an increased PPB load (e.g. S. pneumoniae, H. influenzae, M. catarrhalis and P. aeruginosa) in the
lower airways, which is likely to contribute to recurrent infections in the respiratory tract [7, 9, 11]. The
burden of these PPB in the respiratory tract of S-COPD subjects was found to be associated with decline
in lung function indices and impairment in clearance of PPB by alveolar macrophages, which is reflected
in the response of MDMs as well [14, 15, 17, 22]. In this study, we also observed that the respiratory tracts
of S-COPD subjects from a rural Indian population harbour similar PPB, which are associated with
defective phagocytic activity of MDMs and decline in spirometric lung function indices.

BMS has been suggested to be greater risk factor for COPD globally than tobacco smoke because of the
sheer numbers of people exposed to BMS [5]. It is possible that long-term exposure to BMS is associated
with a similar defect in the innate immunity as observed in S-COPD subjects. We report here for the first
time in BMS-COPD subjects a similar association of PPB colonisation in the respiratory tract with the
defective phagocytic activity of MDMs and a reduction in lung function.

We found that the bacterial loads of S. pneumoniae and H. influenzae in sputum samples were similar in
both BMS-COPD and S-COPD subjects. Consequently, the phagocytic activity of MDMs from
BMS-COPD subjects was investigated and compared with healthy controls (H-NS, HS and H-BMS) and
S-COPD subjects. The phagocytic activity of MDMs from BMS-COPD subjects was not significantly
altered compared with S-COPD subjects, but was much reduced compared with healthy controls. This
suggests that similar mechanisms relating to defects in the innate immune response may apply in both
BMS-COPD and S-COPD subjects. There is no doubt that BMS increases particular uptake in alveolar
macrophages and this may contribute to defective phagocytosis [34–36]. However, we report reduced
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FIGURE 7 Relationship between bacterial load in induced sputum samples and phagocytic activity of
monocyte-derived macrophages (MDMs) in biomass smoke-exposed chronic obstructive pulmonary disease
(COPD) subjects (n=20): a) Streptococcus pneumoniae and b) Haemophilus influenzae. RFU: relative
fluorescence units. The Shapiro–Wilk normality test was performed. Correlation coefficients were calculated
using Spearman correlation analysis. p<0.05 was considered statistically significant.
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phagocytosis by MDMs that had not been exposed to these particulates and suggest that there is a
common defective mechanism inherent in the circulating cells.

Prior animal and human studies have reported that inhaled noxious pollutants translocate from the lungs
to the systemic circulation [37], suggesting a direct link between the lungs and the systemic circulation.
Exposure to noxious pollutants present in smoke can possibly contribute to an excessive inflammatory
response of the lungs that spills over from the pulmonary compartment and contributes to systemic
inflammation [38]. It has been reported that decreased Nrf2 (nuclear factor erythroid 2-related factor 2)
signalling in alveolar macrophages is linked to altered phagocytic activity and bacterial clearance in these
cells in COPD subjects, and that the Nrf2 activator sulforaphane improves this response [39, 40]. Further
research is needed to explore Nrf2 signalling mechanisms and the role of BMS constituents in the
phagocytic activity of innate immune cells.

In Western populations, M. catarrhalis is found in the sputum samples of S-COPD subjects for shorter
durations and is considered to be one of the major contributors to exacerbations [41]. P. aeruginosa was
also reported in some stable S-COPD subjects and was associated with disease severity [41]. In our study,
none of the S-COPD subjects were sampled during an exacerbation and yet colonisation of M. catarrhalis
was observed. Interestingly, we observed that BMS-COPD and H-BMS subjects harbour more
P. aeruginosa, whereas S-COPD and HS subjects harbour more M. catarrhalis. As reported previously,
exposure to BMS contributes to an altered bacterial community [42]. In our study, we also observed that
the increased colonisation of PPB in the airways and impaired MDM phagocytic activity worsened the

80

85

90

95

100

105

110

R
e

la
ti

ve
 v

ia
b

il
it

y 
o

f 
c
e

ll
s
 %

H
-N

S

H
S

H
-B

M
S

S
-C

O
P

D

B
M

S
-C

O
P

D

H
-N

S

H
S

H
-B

M
S

S
-C

O
P

D

B
M

S
-C

O
P

D

a)

80

85

90

95

100

105

110

R
e

la
ti

ve
 v

ia
b

il
it

y 
o

f 
c
e

ll
s
 %

b)

80

85

90

95

100

105

110

R
e

la
ti

ve
 v

ia
b

il
it

y 
o

f 
c
e

ll
s
 %

H
-N

S

H
S

H
-B

M
S

S
-C

O
P

D

B
M

S
-C

O
P

D

c)

FIGURE 8 Effect of fluorescently labelled beads and bacteria on monocyte-derived macrophage (MDM)
viability: a) fluorescently labelled beads, b) Streptococcus pneumoniae and c) Haemophilus influenzae, in
healthy nonsmokers (H-NS) (n=18), smokers without chronic obstructive pulmonary disease (COPD) (HS)
(n=15), biomass smoke (BMS)-exposed healthy subjects (H-BMS) (n=16), tobacco smoke-associated COPD
subjects (S-COPD) (n=19) and BMS-exposed COPD (BMS-COPD) subjects (n=23). The Shapiro–Wilk normality
test was performed. Data are presented as dot plots with median (interquartile range). Ordinary one-way
ANOVA followed by Tukey’s multiple comparisons test was performed. p<0.05 was considered statistically
significant.
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quality of life (SGRQ and CAT scores) in BMS-COPD subjects. Further investigation is required to
understand the underlying mechanisms associated with P. aeruginosa and M. catarrhalis colonisation and
the phagocytic activity of macrophages.

Our study has some limitations. First, this study involved identifying pathogenic bacteria in induced
sputum samples. Upon sample collection, there is a possibility that the induced samples might be
contaminated with the upper respiratory tract or oral microbial flora. However, there is evidence to suggest
that induced sputum is the most sensitive, qualitative and quantitative method for diagnosing an infective
obstructive airway diseases [43]. Second, our study was sex biased, i.e. H-NS, HS and S-COPD subjects
were all male, whereas H-BMS and BMS-COPD subjects were all female. However, we did not observe any
difference in PPB load and phagocytic activity of MDMs among male and female subjects. It is unlikely
that sex directly impacts on macrophage phagocytic activity, risk of developing COPD and colonisation
with PPB. This was a real-world scenario, where the female Indian population is primarily involved in
cooking and is exposed to BMS. We did make an attempt to minimise this bias by correcting the
spirometric indices for sex and performing analyses using percentage predicted values. Also, we did not
observe any sex-specific difference in the phagocytic activity of the Western COPD subjects
(supplementary figure S22). Additionally, prior studies have reported that colonisation of M. catarrhalis in
airways is not associated with sex [44]. Third, to evaluate the phagocytic activity of MDMs, we used
nonopsonised S. pneumoniae and H. influenzae, which indicates that activity of opsonised receptors of
MDMs was limited in this study. Phagocytosis of opsonised bacteria is also impaired in COPD in both
alveolar macrophages and MDMs [40]. In the lung, the role of opsonisation driving phagocytosis is
limited as it is not considered a serum-rich environment. Nevertheless, opsonisation of surfactant proteins
and other lung-derived immunoglobulins is possible.

In conclusion, we have shown for the first time that subjects with nonsmoking COPD are similar to those
with S-COPD, as they harbour PPB in their airways that are associated with a defect in macrophage
phagocytosis. This defect in macrophages is possibly associated with increased susceptibility of those
exposed to noxious gases to develop airflow obstruction and this is a common susceptibility factor in
tobacco smoke or BMS exposure.
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