
 

 
 
 
 
 

Early View 
 
 
 

Original article 
 
 
 

Bacterial load and defective monocyte-derived 

macrophage bacterial phagocytosis in biomass-

smoke COPD 
 
 

Baishakhi Ghosh, Akshay H. Gaike, Kanchan Pyasi, Bill Brashier, Vandana V. Das, Jyoti D. Londhe, 

Sanjay Juvekar, Yogesh S. Shouche, Louise E. Donnelly, Sundeep S. Salvi, Peter J. Barnes 

 
 
 

Please cite this article as: Ghosh B, Gaike AH, Pyasi K, et al. Bacterial load and defective 

monocyte-derived macrophage bacterial phagocytosis in biomass-smoke COPD. Eur Respir J 

2018; in press (https://doi.org/10.1183/13993003.02273-2017). 

 
 
 
 
 
 

This manuscript has recently been accepted for publication in the European Respiratory Journal. It is 

published here in its accepted form prior to copyediting and typesetting by our production team. After 

these production processes are complete and the authors have approved the resulting proofs, the article 

will move to the latest issue of the ERJ online. 

 
 
 

Copyright ©ERS 2018 

 . Published on December 21, 2018 as doi: 10.1183/13993003.02273-2017ERJ Express

 Copyright 2018 by the European Respiratory Society.



 

 

 

Bacterial load and defective monocyte-derived macrophage bacterial phagocytosis in biomass-

smoke COPD 

Baishakhi Ghosh1,3, Akshay H Gaike2,5, Kanchan Pyasi1, Bill Brashier1, Vandana V Das1, Jyoti D 

Londhe1, Sanjay Juvekar5, Yogesh S Shouche2, Louise E Donnelly4, Sundeep S Salvi1*, Peter J Barnes4 

1Chest Research Foundation, Pune, India 

2National Centre for Microbial Resource, National Centre for Cell Sciences, Pune, India 

3Faculty of Health and Biomedical Sciences, Symbiosis International University, Pune, India 

4National Heart and Lung Institute, Imperial College London, London, United Kingdom 

5Vadu Rural Health Program, KEM Hospital Research Centre, Pune, India 

Corresponding Author:  

Dr. Sundeep S Salvi,  

Chest Research Foundation,  

Survey No. 15, Marigold Complex, Kalyani Nagar, Pune – 411014, India 

Phone: +91 20 49134302 

Fax: +91 20 49134345 

Email: ssalvi@crfindia.com  

Take-Home Message:  

Bacterial load in biomass-smoke exposed COPD subjects is associated with defective macrophage 

bacterial phagocytosis. 

mailto:ssalvi@crfindia.com


 

 

 

ABSTRACT  

Lower airway colonization with potentially pathogenic bacterial species (PPBs) is associated with 

defective bacterial phagocytosis, in monocyte-derived macrophages (MDMs) and alveolar 

macrophages, from tobacco-smoke associated COPD (S-COPD) subjects. In developing world, COPD 

among non-smokers is largely due to biomass-smoke (BMS) exposure. Yet, little is known about PPBs 

colonization and its association with impaired innate immunity in these subjects. 

We investigated the PPBs load (Streptococcus pneumoniae, SP; Haemophilus influenzae, HI; 

Moraxella catarrhalis, MC; and Pseudomonas aeruginosa, PA) in BMS-exposed COPD (BMS-COPD) 

compared with S-COPD and spirometrically normal subjects. We also examined the association 

between load of PPBs with phagocytic activity of MDMs and lung function. 

Induced sputum and peripheral venous blood samples were collected from 18 healthy non-smokers, 

15 smokers without COPD, 16 BMS-exposed healthy, 19 S-COPD and 23 BMS-COPD subjects. PPBs 

load in induced sputum and MDMs phagocytic activity were determined using qPCR and fluorimetry 

respectively.  

Higher bacterial load of SP, HI, and PA were observed in BMS-COPD. Increased PPBs load in BMS-

exposed subjects was significantly negatively associated with defective phagocytosis in MDMs, and 

spirometric lung function indices (P<0.05).  

Increased load of PPBs 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 3rd leading cause 

of death worldwide and 2nd 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 less 

than 50% [3]. Recent evidence from developing countries reveal 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 women [3][4][5]. It has been estimated 

that 70% of houses in India and around 50% of the houses in the world, especially countries from 

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 occurs among people who have never 

smoked [4]. 

The airways of tobacco-smoke associated COPD (S-COPD) subjects are frequently colonized 

with potentially pathogenic bacterial species (PPBs), whereas the airways of smokers without COPD 

and healthy-non-smoker subjects are usually not colonized with these organisms [6][7]. The 

presence of PPBs are 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., reported that bacterial colonization increases the frequency of exacerbations in 

COPD subjects [11], denoting a role of bacterial load in determining the presence and severity of 

exacerbations. The commonest pathogenic organisms that colonize in the lower respiratory tract 

among COPD subjects are Haemophilus influenzae, Streptococcus pneumoniae, Moraxella 

catarrhalis, and Pseudomonas aeruginosa [7][9][11]. The load of these pathogenic bacteria were 

found to be increased during COPD exacerbations, indicating their possible role in the causation 

[9][11]. 



 

 

Macrophages are the key immune cells that play an important role in removal of PPBs from 

the airways [12]. The removal of PPBs via phagocytosis is essential for maintaining a pathogenic free 

airway. However, impaired phagocytic activity of macrophages for bacteria is observed in S-COPD 

subjects. Macrophages from lung of S-COPD subjects showed reduced phagocytic activity to 

Haemophilus influenzae and Streptococcus 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 circulation to lung and 

differentiates into macrophages and the population of these macrophages are 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][18][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 exhibit defective bacterial phagocytosis compared to healthy subjects and 

this phagocytic defect does not differ significantly to that in alveolar macrophages [17]. Because, 

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 

colonization of PPBs in the respiratory tract of S-COPD subjects [17][22]. These studies need to be 

replicated in other parts of world. However, the phagocytic ability of MDMs in biomass-smoke 

exposed COPD (BMS-COPD) has not been reported. In this study, we investigated the airway load of 

PPBs and bacterial phagocytic activity of MDMs from BMS-COPD and compare this with S-COPD and 

healthy subjects residing in a rural India. 

  



 

 

METHODS 

Study subjects 

We recruited 47 COPD patients (19 S-COPD and 28 BMS-COPD) and 49 controls (18 non-

smokers, H-NS; 15 smokers without COPD, HS; and 16 BMS-exposed healthy subjects, H-

BMS) from the Chest Research Foundation (CRF) - COPD cohort (Supplementary S1). 

Quality of life was assessed with COPD Assessment Test (CAT) and St. George’s 

Respiratory Questionnaire (SGRQ) for COPD [23][24]. The diagnosis of COPD was 

established using the Global Initiative for Chronic Obstructive Lung Disease (GOLD)–2010 

criteria i.e. presence of post-bronchodilator FEV1/FVC <70% and FEV1% predicted <80% 

[25]. Age-matched controls were recruited from the same villages had normal spirometry, no 

underlying clinical abnormality and a normal chest X-ray.  

The criterion of H-BMS phenotype and BMS-COPD diagnosis was based on a 

minimum of 2 hours of exposure to biomass fuel smoke per day for at least 20 years [26]. 

The biomass-smoke exposure was expressed as hours-year (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 were participants who had smoked ≥ 

10 pack-years. Subjects with the past or current history of passive smoking, tuberculosis, 

asthma, lung cancer and 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 corticosteroids 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 to European Respiratory Society/American 

Thoracic Society guidelines [27]. Values were expressed either as absolute volumes or flows 

or as percentage predicted based on age, gender, weight, height and ethnicity. 

Sputum induction 

Sputum induction was performed by nebulizing 3% (w/v) hypertonic saline through an ultrasonic 

nebulizer (Omron, Kyoto, Japan) for 15 to 20 minutes. Differential cell count was also performed on 

the induced sputum samples. The detailed protocol of sputum induction and differential cell count is 

outlined in Supplementary S1. 

Quantitative PPBs culture 

Quantitative bacterial culture was performed in the induced sputum for Strep pneumoniae, H. 

influenzae, M. catarrhalis and P. aeruginosa as described in Supplementary S1. 

DNA extraction from sputum samples 

DNA was extracted from the stored induced sputum samples according to manufacturer instructions 

using QIAmp DNA Mini Kit (Qiagen, Hilden, Germany) and was stored at –20°C. DNA quantification 

was performed using NanoDrop ND-1000 (ThermoFisher Scientific, Waltham, USA) 

spectrophotometer and quality was checked on 0.8% agarose gel. 

Standard bacterial DNA 

DNA of Strep. pneumoniae (ATCC 49619/DSM 24048), H. influenzae (ATCC 10211/DSM 11969), and 

M. catarrhalis (ATCC 9143/DSM 9143) was purchased from Leibniz Institute DSMZ-German 

Collection of Microorganisms and Cell Cultures (Leibniz, Germany). The DNA from P. aeruginosa 

(ATCC 27853/MCC 2080) was isolated at Microbial Culture Collection, National Centre for Cell 



 

 

Sciences (Pune, India) using MoBio Microbial DNA Isolation Kit (Qiagen, Hilden, Germany) according 

to manufacturer instructions. 

Quantitative PCR (qPCR) 

qPCR was performed using SYBR green assay to quantify Strep. pneumoniae, H. influenzae, 

M. catarrhalis, and P. aeruginosa by targeting validated primers such as Spn9802, P4 

lipoprotein, CopB and Pa23 respectively according to previously defined protocols 

established on sputum samples [15][28]. The primers sequences and qPCR program are listed 

in the Table S1 and S2 respectively. 

Monocyte isolation and phagocytosis assay 

Monocytes were isolated from peripheral venous blood and differentiated to MDMs as 

described in Supplementary S1. The phagocytic activity of MDMs to fluorescently-labelled 

polystyrene beads or heat-killed non-opsonized PPBs was measured as described previously 

(Supplementary S1) [17].  

Viability assay 

After phagocytosis, the viability of MDMs was determined by MTT (3-(4,5-dimethythiazol-

2-yl)-2,5-diphenyltetrazolium bromide) assay (Supplementary S1). 

Statistical analysis 

GraphPad Prism 7.0 (GraphPad Software Inc., San Diego, CA) was used for analysis. 

Normality of data was determined by Shapiro-Wilk normality test. For non-parametric data, 

Kruskal-Wallis/Dunn’s multiple comparisons and for parametric data ANOVA/Tukey’s 

multiple comparisons test was performed. Correlations were determined using Spearman rank 

correlation test. SPSS statist v. 23.0 (IBM Corp


, SPSS Inc, Chicago, IL) 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 (≥0.5g of 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 Table S3 (91 Subjects).  

There were no significant differences in age between the study groups. Cigarette 

pack-years were similar between HS and S-COPD subjects (P>0.05). Similarly, the biomass-

smoke exposure history were similar between H-BMS and BMS-COPD subjects (P>0.05). 

The total CAT score of S-COPD was significantly higher than 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 statistical significant differences in the usage of β-agonists and anti-cholinergic use among 

the S-COPD and BMS-COPD. 

Load of pathogenic microbes as determined by qPCR 

Initially, gender based comparison for PPBs 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 PPBs (Strep. 

pneumoniae, H. influenzae, M. catarrhalis and P. aeruginosa) and overall load of PPBs 

(mean load of Strep. pneumoniae, H. influenzae, M. catarrhalis and P. aeruginosa) in the 

airways between the male and female subjects (P>0.05) (Figure S1 & S2). 

For induced sputum qPCR assay of Strep. 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 × 10
5
 copies mL

-1
 was considered [31][32]. The 

percentage of samples above the cut-off for Strep. pneumoniae, H. influenzae, M. catarrhalis, 

and P. aeruginosa was 67.11% (51/76), 71.05% (54/76), 65.79% (50/76), and 47.47% 

(36/76) respectively.  

In H-NS, the load of Strep. pneumoniae, and H. influenzae in induced sputum samples was 

negligible in comparison to BMS-COPD and S-COPD subjects (P<0.0001) (Figure 1: A & B). We 

observed that the load of Strep. pneumoniae (SP) and H. influenzae (HI) in induced sputum samples 

of BMS-COPD and S-COPD subjects were significantly higher than H-BMS (SP: P<0.0001, HI: 

P=0.0002) and HS (SP: P<0.0001, P=0.0002) respectively (Figure 1: A & B). Interestingly, in this study 

the load of M. catarrhalis in induced sputum was significantly higher in S-COPD than BMS-COPD 

subjects (P<0.0001) (Figure: 1C). However, the load of P. aeruginosa was found to be higher in 

induced sputum samples of BMS-COPD than S-COPD subjects (P<0.0001) (Figure: 1D).  

A comparison of the load of PPBs in the airways among heathy controls was also performed. 

We did not observe any difference in the load of Strep. pneumoniae among the healthy controls (H-

NS, HS and H-BMS) (Figure 1A). However, the load of H. influenzae in the airways of H-BMS and HS 

was higher than H-NS, but this load was found to be statistically significant only with H-BMS 

(P=0.019) (Figure 1B). Although, the load of M. catarrhalis in healthy controls was below the cut-off 

the limits, but, the load of M. catarrhalis in the airways of HS was significantly elevated than H-NS 

and HS (P=0.019) (Figure 1C). Interestingly, P. aeruginosa shows an increased load in H-BMS than HS 

and H-NS, 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 load of PPBs through microbial culture 

method and confirmed Strep. pneumoniae and H. influenzae were significantly higher in the 

induced sputum samples of BMS-COPD and S-COPD than healthy subjects (P<0.05, Figure 



 

 

S3 A & B). Similar to the qPCR data, the CFU mL
-1

 of M. catarrhalis were also higher in 

tobacco-smoke exposed subjects (P<0.05, Figure S3 C), whereas, Pseudomonas aeruginosa 

was exclusively higher among biomass-smoke exposed subjects (P<0.05, Figure S3 D).  

In this study, the considered cut-off value for bacterial species to be pathogenic was ≥ 

10
4 

CFU mL
-1  

for Strep. pneumoniae, H. influenzae, and M. catarrhalis, and ≥ 10
5 

CFU mL
-1 

for P. aeruginosa [33]. The percentage of samples as determined by microbial culture method 

above the cut-off for Strep. pneumoniae, H. influenzae, M. catarrhalis, and P. aeruginosa 

was 52% (13/25), 80% (20/25), 40% (10/25), and 40% (10/25) respectively. 

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 biomass-smoke exposed subjects (BMS-COPD and H-BMS), the airway load of 

Strep. pneumoniae, H. influenzae, and P. aeruginosa negatively correlated with FEV1 % 

predicted  (P<0.05, Figure 2 & S4), FVC % predicted (P<0.05, Figure 3 & S5) and 

FEV1/FVC (%) (P<0.05, Figure S6 & S7).  

Similarly, in tobacco-smoke exposed subjects (TS-COPD and HS) a significant 

negative correlation was observed between load of Strep. pneumoniae, H. influenzae, and M. 

catarrhalis with FEV1% predicted (P<0.05, Figure S8 & S11), FVC% predicted (P<0.05, 

Figure S9 & S12) and FEV1/FVC (P<0.05, Figure S10 & S13). 

Correlation between bacterial load with age, smoking history and biomass exposure 

history 



 

 

With a multivariable linear regression model, we showed that age was not associated with the 

load of PPBs among the subjects (P>0.05, Table S4) and that BMS-exposure history was 

statistically positively associated with load of Strep. pneumoniae, H. influenzae and P.  

aeruginosa (P<0.05, Table S4). However, tobacco-smoking history was significantly 

positively associated with load of Strep. pneumoniae, H. influenzae and M. catarrhalis 

(P<0.05, Table S4). 

Comparison of total sputum macrophages among the subject groups 

In this study, the total count of sputum macrophages was also investigated. We observed that 

the number of macrophages present in the induce sputum samples of BMS-COPD was higher 

than H-BMS and H-NS, but was statistically significant with H-NS (P=0.0005) (Figure S14). 

Similarly, in S-COPD, the number of sputum macrophages was found to be significantly 

higher than HS (P=0.0004) and H-NS (P<0.0001) (Figure S14).  

Correlation between total sputum macrophages and bacterial load in airways 

We analysed the association between total sputum macrophage count with PPBs load in 

airways. A significant positive association was observed between the total sputum 

macrophages and load of Strep. pneumoniae, and H. influenzae in BMS-COPD and TS-

COPD (P<0.05, Figure S15 & S17). Interestingly, the load of P. aeruginosa was found to be 

positively associated with total sputum macrophage in biomass-smoke exposed subjects 

(BMS-COPD & H-BMS; P<0.05, Figure S15 & S16), whereas the load of M. catarrhalis was 

associated with total sputum macrophage in tobacco-smoke exposed subjects (S-COPD & 

HS; P<0.05, Figure S17 & S18). 

Correlation between bacterial load with quality of life scores of COPD subjects 



 

 

We also investigated the relationship between the colonization of these PPBs in the airways 

with the quality of life in COPD. In BMS-COPD, a significant positive association between 

the total SGRQ score with load of Strep. 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 between the total CAT score with load of Strep. 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 with M. catarrhalis (Figure 5).  

 A significant positive association in S-COPD was observed between the total SGRQ 

and CAT score with the load of Strep.  pneumoniae, H. influenzae, and M. catarrhalis, but 

not with P. aeruginosa (P<0.05; Figure S19 & 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 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 of MDMs among the male 

(H-NS, HS, S-COPD) and female (H-BMS and BMS-COPD) subjects, however, we did not 

observe any significant difference in the MDMs phagocytic activity of each PPBs and overall 

phagocytic activity (mean phagocytic activity of beads, Strep. pneumoniae and H. influenzae) 

between the male and female subjects (P>0.05) (Figure S21). 

We next examined the response of these MDMs to fluorescently-tagged heat-killed 

PPBs (Strep. pneumoniae and H. influenzae) and observed impaired phagocytosis by MDMs 

of BMS-COPD and S-COPD subjects as compared to H-NS (SP & HI: P<0.0001) (Figure 6B 

& 6C). Also, MDMs from BMS-COPD subjects demonstrated significantly impaired 



 

 

bacterial phagocytosis as compared to H-BMS (SP: P = 0.0001, HI: P = 0.031) (Figure 6B & 

6C). Similarly, MDMs from S-COPD subjects demonstrated impaired phagocytic activity 

than HS, but this difference was found to be not statistically significant (SP & HI: P>0.05) 

(Figure 6B & 6C). 

In addition, we observed that MDMs from H-NS subjects exhibit a significant higher 

PPBs phagocytic activity than HS (SP: P = 0.012, HI: P = 0.015), but not with H-BMS 

subjects (SP & HI: P>0.05) (Figure 6B & 6C). Interestingly, there was no significant 

differences in the MDMs phagocytic activity for Strep. pneumoniae and H. influenzae within 

COPD (i.e. BMS-COPD and S-COPD) and healthy-exposed (i.e. H-BMS and HS) subjects 

(P>0.05) (Figure 6B & 6C). 

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 PPBs load in the airways of these subjects. We observed that, phagocytic 

activity by MDMs from biomass-smoke exposed subjects (BMS-COPD and H-BMS) for 

both Strep. pneumoniae and H. influenzae negatively correlated with induced sputum 

bacterial load (BMS-COPD: SP: r = –0.752, P = 0.0001 & HI: r = –0.743, P = 0.0002; H-

BMS: SP: r = -0.699, P = 0.005 & HI: r = –0.556, P = 0.034) (Figure 7 & S23). Similarly, 

phagocytic activity of MDMs from tobacco-smoke exposed subjects (S-COPD and HS) 

negatively correlated with increased load of Strep. pneumoniae and H. influenzae in induced 

sputum (Figure S24 & S25). 

Relationship between bacterial phagocytosis by MDMs and spirometric lung function 

indices 



 

 

Having shown differences in PPBs phagocytic activity by MDMs and its association with 

bacterial load in airways, we wanted to determine if these differences were associated with 

changes in lung function parameters. We observed that in both biomass-smoke and tobacco-

smoke exposed subjects, the MDMs phagocytosis of Strep. pneumoniae and H. influenzae 

was positively associated with spirometric lung function indices (P<0.05, Figure S26 – S37). 

Relationship between bacterial phagocytosis of MDMs and demographic characteristics 

We also investigated whether there is any relationship between bacterial phagocytic activity 

of MDMs and demographic characteristics. We found that age was not associated with 

MDMs phagocytic activity across all subjects (P>0.05) (Table S5). Both biomass and 

tobacco-smoke exposure history were strongly positively associated with MDMs 

phagocytosis of Strep. pneumoniae and MDMs phagocytosis for H. influenzae (P<0.05) 

(Table S5). 

Relationship between bacterial phagocytosis by MDMs and quality of life of COPD 

subjects 

We investigated the relationship between the MDMs phagocytic activity for PPBs with the 

quality of life of COPD subjects. For BMS-COPD, there was a significant negative 

association between the total CAT score and MDMs phagocytosis of Strep. pneumoniae (r = 

–0.444, P = 0.034) and MDMs phagocytic activity for H. influenzae (r = –0.416, P = 0.048 

(Figure S38). Similar significant negative association was observed between the total SGRQ 

score with MDMs phagocytosis of Strep. pneumoniae (r= –0.453, P=0.029), and H. 

influenzae (r=0.579, P=0.007) (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 score and the 

phagocytic activity of MDMs for Strep. pneumoniae or H. influenzae (Figure S39 & 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 PPBs. 

The S-COPD subjects harbour increased load of PPBs such as Strep. pneumoniae, H. 

influenzae, M. catarrhalis, and P. aeruginosa in the lower airways, that are likely to 

contribute in recurrent infections in the respiratory tract [7][9][11]. The burden of these PPBs 

in the respiratory tract of S-COPD subjects were found to be associated with decline in lung 

function indices and impairment in clearance of PPBs by the alveolar macrophages that is 

reflected in the response of MDMs as well [14][15][17][34]. In this study, we too observed 

that the respiratory tract of S-COPD subjects from a rural Indian population harbour similar 

PPBs, which are associated with defective phagocytic activity of MDMs and decline in 

spirometric lung function indices.  

Biomass-smoke has been suggested to be greater risk factor for COPD globally than 

tobacco-smoke because of the sheer numbers of people exposed to biomass-smoke in the 

world [5]. It is possible that long-term exposure to biomass-smoke is associated with a 

similar defect in the innate immunity as observed in S-COPD. We report here for the first 

time in BMS-COPD subjects, a similar association of PPBs colonization in the respiratory 

tract with the defect in phagocytic activity of MDMs and a reduction in lung function.  

We found that the bacterial loads of Strep. pneumoniae and H. influenzae in sputum 

samples were similar in both BMS-COPD and S-COPD subjects. Consequently, phagocytic 

activity of MDMs from BMS-COPD subjects were investigated and compared with healthy 

controls (H-NS, HS, H-BMS) and S-COPD subjects. Phagocytic activity of MDMs from 

BMS-COPD subjects were not significantly altered in comparison to S-COPD subjects, but 

were much reduced compared to healthy controls. This suggests that similar mechanisms 

relating to defects on the innate immune response may apply in both BMS-COPD and S-

COPD. There is no doubt that biomass-smoke increases particular uptake in alveolar 



 

 

macrophages and this may contribute to defective phagocytosis [35][36][37]. However, we 

report reduced phagocytosis by MDMs that have not been exposed to these particulates and 

suggests 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 lung to systemic circulation [38], suggesting a direct link between lung to 

systemic circulation. Exposure to noxious pollutants present in the smoke can possibly 

contribute in excessive inflammatory response of the lungs that spills over from pulmonary 

compartment and contribute in systemic inflammation [39]. Harvey et al reported that 

decreased Nrf2 signalling in alveolar macrophages has been linked to altered phagocytic 

activity and bacterial clearance in these cells in COPD subjects and that the Nrf2 activator 

sulforaphane improve this response [40][41]. Further research is needed to explore Nrf2 

signalling mechanism and role of biomass-smoke constituents in phagocytic activity of innate 

immune cells.  

In western population, M. catarrhalis is found in the sputum samples of S-COPD 

subjects for shorter durations and is considered one of the major contributors of exacerbations 

[42]. Also, P. aeruginosa has also reported in some stable S-COPD subjects and was 

associated with disease severity [42]. In our study, none of the S-COPD subjects were 

sampled during an exacerbation and yet colonization of M. Catarrhalis was observed.  

Interestingly, in our study, we observed that BMS-COPD and H-BMS subjects harbour more 

P. aeruginosa, whereas, S-COPD and HS harbour more M. catarrhalis. As reported 

previously, exposure to biomass-smoke contributes to an altered bacterial community [43]. In 

this study, we also observed that the increased colonization of PPBs in the airways and 

impaired MDMs phagocytic activity worsened the quality of life (SQRQ and CAT) in BMS-

COPD subjects. Further investigations is required to understand the underlying mechanisms 



 

 

associated with P. aeruginosa and M. catarrhalis colonization and phagocytic activity of 

macrophages. 

Our study has some limitations. Firstly, this study involved identifying pathogenic 

bacteria in the induced sputum samples. Upon sample collection, there is a possibility that the 

induced sputum 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 and infective obstructive airway 

diseases [44]. Secondly, our study was gender biased i.e. H-NS, HS, and S-COPD subjects 

were all males, whereas H-BMS and BMS-COPD subjects were all female. However, we did 

not observe any difference in load of PPBs and phagocytic activity of MDMs among male 

and female subject. It is unlikely that gender directly has any impact on macrophage 

phagocytic activity, risk of developing COPD and the colonization with potentially 

pathogenic bacteria. This was a real world scenario, where the female Indian population are 

primarily involved in cooking and are exposed to biomass-smoke. We did make an attempt to 

minimize this bias by correcting the spirometric indices for gender and performing analysis 

as percentage predicted values. Also, we did not observe any gender specific difference in the 

phagocytic activity of the western COPD subjects (Figure S22). Additionally, prior studies 

have reported that colonization of Moraxella catarrhalis in airways is not associated with 

gender [45]. Thirdly, to evaluate the phagocytic activity of MDMs, we used non-opsonized 

Strep. pneumoniae and H. influenzae, which indicates that activity of opsonized receptors of 

MDMs were limited in this study. Phagocytosis of opsonized bacteria is also impaired in 

COPD in both alveolar macrophages and MDMs [41]. In the lung, the role of opsonisation 

driving phagocytosis is limited as it is not considered a serum-rich environment. 

Nevertheless, opsonisation surfactant proteins and other lung derived immunoglobulins is 

possible. 



 

 

In conclusion, we have shown for the first time that subjects with non-smoking 

COPD, are similar to those with S-COPD, as they harbours potentially pathogenic bacteria in 

their airways that is 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 that this is a common susceptibility factor in tobacco 

smoke or biomass smoke exposure. 
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Table 1: Demographic characteristics of the subjects 

 
Healthy (N =  40) COPD (N = 36) 

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

N 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 

Male : Female 14 : 0 11 : 0 0 : 15 16 : 0 0 : 20 

Smoking history 

(Pack-years) 
0 (0 – 0)

bd
 40.00 (16.20 – 55.00) 0 (0 – 0)

bd
 37.50 (21.59 – 53.00) 0 (0 – 0)

bd
 

Smoking status  

(current : ex) 
0 : 0 9 : 2 0 : 0 14 : 2 0 : 0 

Biomass-smoke exposure 

history (Hours-year) 
0 (0 – 0) 0 (0 – 0) 138 (130 – 252)

abd
 0 (0 – 0) 134 (120 – 204)

abd
 

Biomass-smoke exposure 

status (current : ex) 
0 : 0 0 : 0 15 : 0 0 : 0 23 : 0 

Total CAT Score -NA- -NA- -NA- 25.56 ± 8.08 18.60 ± 6.79
d
 

Total SGRQ Score -NA- -NA- -NA- 72.89 (48.55 – 79.84) 70.54 (51.27 – 76.38) 

GOLD (Mild : Moderate 

:: Severe : Very Severe) 
-NA- -NA- -NA- 2 : 5 :: 7 : 2 4 : 6 :: 6 : 4 

β agonists -NA- -NA- -NA- 43.75 % (7) 45 % (9) 

Anti-cholinergic  -NA- -NA- -NA- 12.5 % (2) 20% (4) 

FEV1/FVC (%) 78.06 ± 6.29 77.75 ± 3.98 79.25 ± 4.91 53.06 ± 11.51
abc

 52.96 ± 9.34
abc

 

Post-bronchodilator 

FEV1 % predicted 102.80 ± 11.35 91.60 ± 6.52 95.76 ± 10.76 46.43 ± 15.12
abc

 50.17 ± 14.10
abc

 

FVC % predicted 99.81 (95.23 – 108.2) 88.77 (85.46 – 98.81)
ac

 99.37 (91.38 – 111.1) 68.72 (57.57 – 86.38)
abc

 74.27 (56.86 – 93.63)
abc

 

Shapiro-Wilk normality test was performed. Parametric data are expressed as mean ± SD; whereas non-parametric data are expressed as 

median (interquartile range). Within the group comparison was performed by Kruskal-Wallis/Dunn’s multiple comparisons test for non-

parametric data and ANOVA/Tukey’s multiple comparisons test for parametric data. 
a
P≤0.05 versus H-NS. 

b
P≤0.05 versus HS. 

c
P≤0.05 

versus H-BMS. 
d
P≤0.05 versus S-COPD. 



 

 

[Abbreviations: COPD, chronic obstructive pulmonary disease; CAT, COPD assessment test; FEV1, forced expiratory volume in 1 second; 

FVC, forced vital capacity; GOLD, global initiative for chronic obstructive pulmonary disease; SGRQ, St. George’s Respiratory 

Questionnaire; H-NS, healthy non-smokers; HS, smokers without COPD; H-BMS, biomass-smoke exposed healthy; S-COPD, tobacco-

smoke associated COPD; BMS-COPD, biomass-smoke associated COPD, SD, standard deviation; NA, not applicable] 



 

 

Figure legends: 

Figure 1: Load of potentially pathogenic microbes in the induced sputum samples 

among study subjects using qPCR assay 

Bacterial load of Streptococcus pneumoniae (A), Haemophilus influenzae (B), Moraxella catarrhalis 

(C), and Pseudomonas aeruginosa (D) in H-NS (○ n=14), HS (☐ n=11), H-BMS (△ n=15), S-COPD (■ 

n=16) and BMS-COPD (▲ n=20). The load of potentially pathogenic bacteria was determined through 

specific primers (such as Spn9802 for Streptococcus pneumoniae, P4 lipoprotein for Haemophilus 

influenzae, CopB for Moraxella catarrhalis, and Pa23 for Pseudomonas aeruginosa) based qPCR SYBR 

Green assay. Shapiro-Wilk normality test was performed. Data are presented as dot plots with 

median (interquartile range). Kruskal-Wallis test followed by Dunn’s multiple comparisons test was 

performed for within the group comparisons. P<0.05 was considered statistically significant.  

[Abbreviations: qPCR, quantitative polymerase chain reaction; COPD, chronic obstructive 

pulmonary disease; H-NS, healthy non-smokers; HS, smokers without COPD; H-BMS, 

biomass-smoke exposed healthy; S-COPD, tobacco-smoke associated COPD; BMS-COPD, 

biomass-smoke associated COPD] 

  



 

 

Figure 2: Relationship between bacterial load in induced sputum samples and FEV1 % predicted in 

biomass-smoke associated COPD subjects 

The correlation between FEV1 % predicted versus bacterial load of Streptococcus pneumoniae (A), 

Haemophilus influenzae (B), Moraxella catarrhalis (C) and Pseudomonas aeruginosa (D) was 

determined in BMS-COPD (▲ n=20). Shapiro-Wilk normality test was performed. Correlation 

coefficients were calculated using non-parametric Spearman correlation analysis. P<0.05 was 

considered statistically significant. ns: not significant as P>0.05. 

[Abbreviations: COPD, chronic obstructive pulmonary disease; FEV1, forced expiratory 

volume in 1 second; BMS-COPD, biomass-smoke associated COPD] 

Figure 3: Relationship between bacterial load in induced sputum samples and lung FVC % 

predicted in biomass-smoke associated COPD subjects  

The correlation between FVC % predicted versus bacterial load of Streptococcus pneumoniae (A), 

Haemophilus influenzae (B), Moraxella catarrhalis (C) and Pseudomonas aeruginosa (D) was 

determined in BMS-COPD (▲ n=20). Shapiro-Wilk normality test was performed. Correlation 

coefficients were calculated using non-parametric Spearman correlation analysis. P<0.05 was 

considered statistically significant. ns: not significant as P>0.05. 

[Abbreviations: COPD, chronic obstructive pulmonary disease; FVC, forced vital capacity; 

BMS-COPD, biomass-smoke associated COPD] 

  



 

 

Figure 4: Relationship between bacterial load in induced sputum samples and total SGRQ score in 

biomass-smoke associated COPD subjects  

The correlation between total SGRQ score versus bacterial load of Streptococcus pneumoniae (A), 

Haemophilus influenzae (B), Moraxella catarrhalis (C) and Pseudomonas aeruginosa (D) was 

determined in BMS-COPD (▲ n=20). Shapiro-Wilk normality test was performed. Correlation 

coefficients were calculated using non-parametric Spearman correlation analysis. P<0.05 was 

considered statistically significant. ns: not significant as P>0.05. 

[Abbreviations: COPD, chronic obstructive pulmonary disease; BMS-COPD, biomass-smoke 

associated COPD; SGRQ, St. George’s Respiratory Questionnaire] 

Figure 5: Relationship between bacterial load in induced sputum samples and total CAT score in 

biomass-smoke associated COPD subjects 

The correlation between the total CAT score versus bacterial load of Streptococcus pneumoniae (A), 

Haemophilus influenzae (B), Moraxella catarrhalis (C) and Pseudomonas aeruginosa (D) was 

determined in BMS-COPD (▲ n=20). Shapiro-Wilk normality test was performed. Correlation 

coefficients were calculated using non-parametric Spearman correlation analysis. P<0.05 was 

considered statistically significant. ns: not significant as P>0.05. 

[Abbreviations: COPD, chronic obstructive pulmonary disease; CAT, COPD assessment test; 

BMS-COPD, biomass-smoke associated COPD] 

  



 

 

Figure 6: Phagocytosis of fluorescently labelled beads and bacteria by MDMs 

Fluorescently labelled beads (A), Streptococcus pneumoniae (B) and Haemophilus influenzae 

(C). Shapiro-Wilk normality test was performed. Data are presented as dot plots with median 

(interquartile range) for H-NS (○ n=18), HS (☐ n=15), H-BMS (△ n=16), S-COPD (■ n=19), 

BMS-COPD (▲ n=23). Kruskal-Wallis test followed by Dunn’s multiple comparisons test 

was performed within the group comparisons. P<0.05 was considered statistically significant. 

[Abbreviations: COPD, chronic obstructive pulmonary disease; MDMs, monocyte-derived 

macrophages; H-NS, healthy non-smokers; HS, smokers without COPD; H-BMS, biomass-

smoke exposed healthy; S-COPD, tobacco-smoke associated COPD; BMS-COPD, biomass-

smoke associated COPD] 

Figure 7: Relationship between bacterial load in the induced sputum samples and phagocytic 

activity of MDMs in biomass-smoke associated COPD subjects 

Correlation between MDM’s phagocytic activity of Streptococcus pneumoniae and load of 

Streptococcus pneumoniae (A); Correlation between MDM’s phagocytic activity of Haemophilus 

influenzae and load of Haemophilus influenzae (B); Shapiro-Wilk normality test was performed. 

Correlation coefficients were calculated using Spearman correlation analysis in BMS-COPD (▲ n=20). 

P<0.05 was considered statistically significant. 

[Abbreviations: COPD, chronic obstructive pulmonary disease; MDMs, monocyte-derived 

macrophages; BMS-COPD, biomass-smoke associated COPD] 

  



 

 

Figure 8: Effect of fluorescently-labelled beads and bacteria on MDMs viability 

Effect of fluorescently labelled beads (A), Streptococcus pneumoniae (B) and Haemophilus 

influenzae (C) on viability of MDMs. Shapiro-Wilk normality test was performed. Data are 

presented as dot plots with median (interquartile range) for H-NS (○ n=18), HS (☐ n=15), H-

BMS (△ n=16), S-COPD (■ n=19), BMS-COPD (▲ n=23). Ordinary one-way ANOVA 

followed by Tukey’s multiple comparisons test was performed. P<0.05 was considered 

statistically significant. 

[Abbreviations: COPD, chronic obstructive pulmonary disease; H-NS, healthy non-smokers; 

HS, smokers without COPD; H-BMS, biomass-smoke exposed healthy; S-COPD, tobacco-

smoke associated COPD; BMS-COPD, biomass-smoke associated COPD] 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

ONLINE SUPPLEMENT 

 

S1 – METHODS  

COPD cohort 

The Chest Research Foundation (CRF) – COPD cohort was jointly established by Vadu Rural 

Health Program (KEM Hospital Research Centre, Pune, India) and CRF (Pune, India). This 

cohort includes subjects from 22 rural villages approximately 30 kilometres from Pune city. 

The subjects were identified through the health camps, based on post-bronchodilator 

(FEV1/FVC <70%), clinical examinations conducted by the chest physicians of CRF, history 

of chronic exposure to noxious stimuli and high resolution computerised tomography 

(HRCT) imaging. 

Sputum induction 

Sputum induction was performed as described by Pizzichini and co-workers [1]. Briefly, sputum 

induction was performed by nebulizing 3% (w/v) hypertonic saline through an ultrasonic nebulizer 

(Omron, Kyoto, Japan) for 15 to 20 minutes. Subjects were asked to cough repeatedly and the whole 

expectorate was collected in a sterile sample container. Sputum plugs were selected from the whole 

expectorates, weighed and divided into aliquots to perform various assay (i.e. differential cell count, 

qPCR assay, and microbial culture assay).  

Sputum plugs were diluted with Dulbecco’s phosphate buffer saline (D-PBS, Sigma-Aldrich, 

St. Louis, Missouri) and stored at –80°C to perform qPCR assay. For qPCR assay the aliquots were not 

treated with any reducing/mucolytic agents (sputolysin or dithiothreitol).  

Differential cell counts of sputum cells 



 

 

Differential cell count was performed within 2 hours as described by Pizzichini et al [1]. Briefly, the 

sputum plugs were treated with 0.1% dithiothreitol (Sigma-Aldrich, St. Louis, Missouri) and D-PBS 

(Sigma-Aldrich, St. Louis, Missouri). The resulting suspension was filtered and a cell count of total 

non-squamous cells was performed using a haemocytometer and expressed as millions of cells per 

gram of selected induced sputum. The proportion of salivary squamous cells was noted and cell 

viability was determined by the Trypan blue staining exclusion method. From the remainder filtrate, 

two cytospins were made and stained with differential staining solutions (Diff Quik stain, Dade 

Behring, USA). For differential cell count, a total of 400 non-squamous cells were counted and 

percentage of eosinophils, neutrophils, macrophages, lymphocytes and bronchial epithelial cells 

present in the total non-squamous cell count were reported.  

Quantitative PPBs culturing 

The sputum aliquots was homogenized in D-PBS by vortexing for 15 seconds (Swirlex – 

Vrotex Shaker, Abdos Labware, Kolkata, India). This was further serially – diluted in D-PBS 

(1:10, 1:100 and 1:1000). Diluted samples was inoculated in Columbia blood agar plates 

(general growth media), for 48 hours at 37°C and 5% (v/v) carbon dioxide (CO2) (MSC-

Advantage
TM

 Class II, Thermo Fisher Scientific, Waltham, Massachusetts). The enumerated 

bacterial colonies were identified using standard methods [2]. The specific potentially 

pathogenic bacterial species (PPBs) were sub-cultured on specific agar plates such as COBA 

agar for Streptococcus pneumoniae, chocolate agar for Haemophilus influenzae and 

Moraxella catarrhalis, and Cetrimide agar for Pseudomonas aeruginosa for 48 hours at 37°C 

and 5% CO2. Results was expressed in colony forming units per mL (CFU mL
-1

). PPBs with 

counts of ≥10
3
 CFU ml

-1
 in the sputum samples were considered significant [3].  



 

 

Monocyte isolation and differentiation to macrophages 

Peripheral blood mononuclear cells (PBMCs) were isolated from 40 mL venous blood using 

Percoll density gradient and negative selection using the Miltenyl Monocyte Isolation Kit II 

(Miltenyi Biotec, Bergisch Galdbach, Germany) as per manufacturer’s instructions [4]. The 

isolated monocytes were re-suspended in MDM complete media (Macrophage-SFM media 

supplemented with 10% (
v
/v) fetal calf serum, and 1% (

v
/v) antibiotic-antimycotic) at 110

6
 

cells/mL. The cells were seeded in 96-well flat clear bottom black polystyrene tissue culture 

plates (110
5 

cells/well) at 37°C, and 5% CO2 (
v
/v) for 2h to allow the monocytes to adhere. 

After 2 hours, the non-adherent cells were aspirated and the monocytes were incubated with 

fresh MDM-complete media containing 2 ng mL-1 granulocyte-monocyte colony stimulating 

factor (GM-CSF) (Sigma-Aldrich, St. Louis, Missouri) for 12
 
days to allow complete 

differentiation [4].  Media was changed every 4
th

 and 7
th

 day until adequate MDMs were 

developed to conduct phagocytic assays [4]. 

Phagocytosis assay 

MDMs phagocytic assay was measured as described previously [4]. MDMs were exposed for 

4 hours, to fluorescently-labelled polystyrene beads of 2 µm at a concentration of 5010
6
 

beads mL
-1

 or to heat-killed non-opsonized Streptococcus pneumoniae (labelled with Alexa-

Fluor 488 conjugate) at a concentration of 1.210
9
 CFU/mL and Haemophilus influenzae 

(labelled with Alexa-Fluor 488) at a concentration of 1.510
8
 CFU/mL. MDMs were washed 

with D-PBS and extracellular fluorescence was quenched with 1% (
w
/v) Trypan blue at room 

temperature. Trypan blue was aspirated and phagocytosis of beads and bacteria was measured 

using a fluorimeter (Fluoroskan Ascent FL, ThermoFisher Scientific, Massachusetts, USA) at 

an excitation of λ485 nm and emission λ538 nm. Data is expressed as relative fluorescent 

units (RFU). 



 

 

Viability assay 

After performing the phagocytic assay, the cells  were washed with  D-PBS and 0.5 mg/mL 

of MTT dissolved in D-PBS was added and incubated for  1 hour at  37°C, and 5% CO2. 100 

L Dimethyl sulfoxide (DMSO) was added to each well. The plates were gently shaken for 

10 minutes and the absorbance was recorded at 570 nm using a microplate spectrophotometer  

(Multiskan Spectrum, ThermoFisher Scientific, Massachusetts, USA). The cell viability was 

expressed as the percentage of absorbance of exposed cells to non-exposed cells.  
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Table S1: Primer sequences for amplification using cDNA as template 

 
Name of the 

organism 
Primer Name Sequence (5’ – 3’) No. of bases 

Expected length of 

cDNA (bp) 

1. 
Streptococcus 

pneumoniae 

Spn9802 – F 

Spn9802 – R 

AGTCGTTCCAAGGTAACAAGTCT 

ACCAACTCGACCACCTCTTT 

23 

20 
157 

2. 
Haemophilus 

influenzae 

P4 Liporotein – F 

P4 Liporotein –R 

CCGGGTGCGGTAGAATTTAATAA 

CTGATTTTTCAGTGCTGTCTTTGC 

23 

24 
91 

3. 
Moraxella 

catarrhalis 

Cop B – F 

Cop B – R 

GTGAGTGCCGCTTTACAACC 

TGTATCGCCTGCCAAGACAA 

20 

20 
71 

4. 
Pseudomonas 

aeruginosa 

Pa23 – F 

Pa23 – R 

TCCAAGTTTAAGGTGGTAGGCTG 

ACCACTTCGTCATCTAAAAGACGAC 

23 

25 
94 

 

  



 

 

Table S2: qCR program of organism 

 
Name of the 

organism 

Initialization 

temperature 

Denaturation 

temperature 

Annealing  

temperature 

Extension 

temperature 

Final elongation 

temperature 

1. 
Streptococcus 

pneumoniae 
94ºC 94ºC 51ºC 72ºC 72ºC 

2. 
Haemophilus 

influenzae 
94ºC 94ºC 50ºC 72ºC 72ºC 

3. 
Moraxella 

catarrhalis 
94ºC 94ºC 52ºC 72ºC 72ºC 

4. 
Pseudomonas 

aeruginosa 
94ºC 94ºC 52ºC 72ºC 72ºC 

  



 

 

Table S3: Demographic characteristics of the subjects 

 
Healthy (N =  49) COPD (N = 42) 

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

N 18 15 16 19 23 

Age (years) 64.28 ± 3.72 64.60 ± 6.89 62.50 ± 9.45 63.58 ± 7.56 63.30 ± 6.70 

Male : Female 18 : 0 15 : 0 0 : 16 19 : 0 0 : 23 

Smoking history 

(pack-years) 
0.00 ± 0.00

bc
 37.41 ± 19.81 0.00 ± 0.00

bc
 31.92 ± 15.95 0.00 ± 0.00

bc
 

Smoking status 

(Current : Ex) 
0 : 0 11 : 4 0 : 0 15 : 4 0 : 0 

Biomass-smoke exposure  

history (Hours-year) 
0 (0 – 0) 0 (0 – 0) 144 (130 – 269.3)

abd
 0 (0 – 0) 134 (120 – 210)

abd
 

Biomass-smoke exposure 

status (current : ex) 
0 : 0 0 : 0 16 : 0 0 : 0 23 : 0 

Total CAT Score -NA- -NA- -NA- 25.32 ± 7.40 18.91 ± 6.67
d
 

Total SGRQ Score -NA- -NA- -NA- 64.11 ± 16.74 63.66 ± 18.71 

GOLD (Mild : Moderate ::  

Severe : Very Severe) 
-NA- -NA- -NA- 3 : 6 :: 7 : 3 4 : 7 :: 8 : 4 

β agonists -NA- -NA- -NA- 42.10 % (8) 43.48 % (10) 

Anti-cholinergic  -NA- -NA- -NA- 15.78 % (3) 17.39 % (4) 

FEV1/FVC (%) 80.1 ± 8.6 78.3 ± 4.1
a
 79.6 ± 5.2 51.7 ± 11.0

abc
 54.5 ± 11.1

abc
 

Post-bronchodilator 

FEV1 % predicted 104.6 ± 13.4 98.2 ± 20.7 95.8 ± 11.1 49.8 ± 16.9
abc

 50.4 ± 20.1
abc

 

FVC % predicted 104.3 ± 17.7 99.7 ± 21.2 100.1 ± 10.1 72.9 ± 16.9
abc

 72.6 ± 17.7
abc

 

Shapiro-Wilk normality test was performed. Parametric data are expressed as mean ± SD; whereas non-parametric data are expressed as 

median (interquartile range). Within the group comparison was performed by Kruskal-Wallis/Dunn’s multiple comparisons test for non-

parametric data and ANOVA/Tukey’s multiple comparisons test for parametric data. 
a
P≤0.05 versus H-NS. 

b
P≤0.05 versus HS. 

c
P≤0.05 

versus H-BMS. 
d
P≤0.05 versus S-COPD. 



 

 

[Abbreviations: COPD, chronic obstructive pulmonary disease; CAT, COPD assessment test; FEV1, forced expiratory volume in 1 second; 

FVC, forced vital capacity; GOLD, global initiative for chronic obstructive pulmonary disease; SGRQ, St. George’s Respiratory 

Questionnaire; H-NS, healthy non-smokers; HS, smokers without COPD; H-BMS, biomass-smoke exposed healthy; S-COPD, tobacco-

smoke associated COPD; BMS-COPD, biomass-smoke associated COPD, SD, standard deviation; NA, not applicable] 



 

 

Table S4: Multivariable linear regression analysis of demographic characteristics on load of potentially pathogenic bacterial species in induced 

sputum samples of the subjects 

 Load of potentially pathogenic bacteria (Dependent variable) 

Independent 

Variables 

Streptococcus  

pneumoniae 

Haemophilus  

influenzae 

Moraxella 

catarrhalis 

Pseudomonas  

aeruginosa 

 

(P–value) 
95% CI 

 

(P–value) 
95% CI 

 

(P–value) 
95% CI 

 

(P–value) 
95% CI 

Age  

(in years) 

-0.022 

(0.686, ns) 
-550.39  364.146 

0.028 

(0.679, ns) 
-31827.85  48602.85 

-0.022 

(0.686, ns) 
-550.39  364.15 

0.121 

(0.148) 
-4901.32  31981 

Smoking history 

(Pack years) 

0.228 

(0.001) 
132.03  497.69 

0.364 

(0.000) 
18768.04  50138.99 

0.228 

(0.001) 
132.03  497.69 

-0.199 

(0.061, ns) 
-14685.23  333.36 

Biomass smoke 

exposure history  

(hours-year) 

0.265 

(0.000) 
38.11  115.05 

0.586 

(0.000) 
8573.09  15256.94 

0.265 

(0.000) 
38.11  115.05 

0.336 

(0.002) 
985.58  4103.72 

 

The independent variables are age, smoking history and biomass-smoke history. The linear regression analysis of load of each potentially pathogenic 

bacterium was performed with the independent variables. P<0.05 was considered statistically significant. ns: not significant as P>0.05. 

 

[Abbreviations: , Beta for standardised regression coefficients; CI, confidence interval] 

 

  



 

 

Table S5: Multivariable linear regression analysis of demographic characteristics on MDMs 

phagocytic activity of pathogenic bacteria among the subjects. 

Independent 

variables 

MDMs phagocytosis activity (RFU) (Dependent variable) 

Streptococcus 

pneumoniae 

Haemophilus 

influenzae 

 

(P–value) 
95% CI 

 

(P–value) 
95% CI 

Age 

(in years) 

0.115 

(0.08, ns) 
-1.344  23.348 

0.027 

(0.709, ns) 
-9.728  14.237 

Gender 
-0.247 

(0.073, ns) 
-0.687.89131.012 

-0.223 

(0.073, ns) 
-595.788  84.011 

Smoking history 

(Pack years) 

-0.433 

(0.000) 
-19.577  -9.361 

-0.389 

(0.000) 
-16.212  -6.181 

Biomass smoke 

exposure history 

(hours-year) 

-0.229 

(0.006) 
-2.626  -0.442 

-0.258 

(0.009) 
-2.591  -0.380 

 

The independent variables are age, smoking history and biomass-smoke history. The linear 

regression analysis of MDMs phagocytic activity for pathogenic bacterial was performed with the 

independent variables. P<0.05 was considered statistically significant. ns: not significant as P>0.05. 

 

[Abbreviations: MDMs, Monocyte-derived macrophages; , Beta for standardised regression 

coefficients; CI, confidence interval] 

  



 

 

Figure legends: 

Figure S1: Gender-related comparison of each potentially pathogenic bacterial load in 

the induced sputum samples among study subjects using qPCR assay. 

Bacterial load of Streptococcus pneumoniae (A), Haemophilus influenzae (B), Moraxella catarrhalis 

(C), and Pseudomonas aeruginosa (D) in male (♂ n = 41) and female (♀ n = 35) subjects. Shapiro-

Wilk normality test was performed. Data are presented as median (interquartile range). Non-

parametric Mann-Whitney test was performed. P<0.05 was considered statistically significant. ns: 

not significant as P>0.05. 

[Abbreviations: qPCR, quantitative polymerase chain reaction] 

Figure S2: Gender-related comparison of overall load of potentially pathogenic 

bacterial load in the induced sputum samples among study subjects using qPCR assay. 

Overall load of potentially pathogenic bacteria is the mean load of Streptococcus pneumoniae, 

Haemophilus influenzae, Moraxella catarrhalis and Pseudomonas aeruginosa in male (♂ n = 41) and 

female (♀ n = 35) subjects. Shapiro-Wilk normality test was performed. Data are presented as 

median (interquartile range). Non-parametric Mann-Whitney test was performed. P<0.05 was 

considered statistically significant. ns: not significant as P>0.05. 

[Abbreviations: qPCR, quantitative polymerase chain reaction] 

  



 

 

Figure S3: Load of potentially pathogenic microbes in the induced sputum samples 

among study subjects using microbial culture. 

Bacterial load of Streptococcus pneumoniae (A), Haemophilus influenzae (B), Moraxella 

catarrhalis (C), and Pseudomonas aeruginosa (D) in H-NS (○ n = 5), HS (☐ n = 5), H-BMS 

(△ n = 5), S-COPD (■ n = 5) and BMS-COPD (▲ n = 5). Shapiro-Wilk normality test was 

performed. Data are presented as mean (standard deviation). One-way ANOVA followed by 

Holm-Sidak multiple comparisons test was performed for within the group comparisons. 

P<0.05 was considered statistically significant.  

[Abbreviations: COPD, chronic obstructive pulmonary disease; H-NS, healthy non-smokers; 

HS, smokers without COPD; H-BMS, biomass-smoke exposed healthy; S-COPD, tobacco-

smoke associated COPD; BMS-COPD, biomass-smoke associated COPD] 

Figure S4: Relationship between bacterial load in induced sputum samples and FEV1 % predicted in 

biomass-smoke exposed healthy subjects. 

The correlation between FEV1 % predicted versus bacterial load of Streptococcus pneumoniae (A), 

Haemophilus influenzae (B), Moraxella catarrhalis (C) and Pseudomonas aeruginosa (D) was 

determined in H-BMS (△ n = 15). Shapiro-Wilk normality test was performed. Correlation 

coefficients were calculated using non-parametric Spearman correlation analysis. P<0.05 was 

considered statistically significant. ns: not significant as P>0.05. 

[Abbreviations: COPD, chronic obstructive pulmonary disease; FEV1, forced expiratory 

volume in 1 second; H-BMS, biomass-smoke exposed healthy] 

  



 

 

Figure S5: Relationship between bacterial load in induced sputum samples and lung FVC % 

predicted in biomass-smoke exposed healthy subjects.  

The correlation between FVC % predicted versus bacterial load of Streptococcus pneumoniae (A), 

Haemophilus influenzae (B), Moraxella catarrhalis (C) and Pseudomonas aeruginosa (D) was 

determined in H-BMS (△ n = 15). Shapiro-Wilk normality test was performed. Correlation 

coefficients were calculated using non-parametric Spearman correlation analysis. P<0.05 was 

considered statistically significant. ns: not significant as P>0.05. 

[Abbreviations: COPD, chronic obstructive pulmonary disease; FVC, forced vital capacity; 

H-BMS, biomass-smoke exposed healthy] 

Figure S6: Relationship between bacterial load in induced sputum samples and FEV1/FVC in 

biomass-smoke associated COPD subjects.  

The correlation between FEV1/FVC (%) predicted versus bacterial load of Streptococcus pneumoniae 

(A), Haemophilus influenzae (B), Moraxella catarrhalis (C) and Pseudomonas aeruginosa (D) was 

determined in BMS-COPD (▲ n=20). Shapiro-Wilk normality test was performed. Correlation 

coefficients were calculated using non-parametric Spearman correlation analysis. P<0.05 was 

considered statistically significant. ns: not significant as P>0.05. 

[Abbreviations: COPD, chronic obstructive pulmonary disease; FEV1, forced expiratory volume in 1 

second; FVC, forced vital capacity; BMS-COPD, biomass-smoke associated COPD] 

  



 

 

Figure S7: Relationship between bacterial load in induced sputum samples and FEV1/FVC in 

biomass-smoke exposed healthy subjects.  

The correlation between FEV1/FVC (%) predicted versus bacterial load of Streptococcus pneumoniae 

(A), Haemophilus influenzae (B), Moraxella catarrhalis (C) and Pseudomonas aeruginosa (D) was 

determined in H-BMS (△ n = 15). Shapiro-Wilk normality test was performed. Correlation 

coefficients were calculated using non-parametric Spearman correlation analysis. P<0.05 was 

considered statistically significant. ns: not significant as P>0.05. 

[Abbreviations: COPD, chronic obstructive pulmonary disease; FEV1, forced expiratory volume in 1 

second; FVC, forced vital capacity; H-BMS, biomass-smoke exposed healthy] 

Figure S8: Relationship between bacterial load in induced sputum samples and FEV1 % predicted in 

tobacco-smoke associated COPD subjects.  

The correlation between FEV1 % predicted versus bacterial load of Streptococcus pneumoniae (A), 

Haemophilus influenzae (B), Moraxella catarrhalis (C) and Pseudomonas aeruginosa (D) was 

determined in S-COPD (■ n = 16). Shapiro-Wilk normality test was performed. Correlation 

coefficients were calculated using non-parametric Spearman correlation analysis. P<0.05 was 

considered statistically significant. ns: not significant as P>0.05. 

[Abbreviations: COPD, chronic obstructive pulmonary disease; FEV1, forced expiratory volume in 1 

second; S-COPD, tobacco-smoke associated COPD] 

  



 

 

Figure S9: Relationship between bacterial load in induced sputum samples and FVC % predicted in 

tobacco-smoke associated COPD subjects.  

The correlation between FVC % predicted versus bacterial load of Streptococcus pneumoniae (A), 

Haemophilus influenzae (B), Moraxella catarrhalis (C) and Pseudomonas aeruginosa (D) was 

determined in S-COPD (■ n = 16). Shapiro-Wilk normality test was performed. Correlation 

coefficients were calculated using non-parametric Spearman correlation analysis. P<0.05 was 

considered statistically significant. ns: not significant as P>0.05. 

[Abbreviations: COPD, chronic obstructive pulmonary disease; FVC, forced vital capacity; S-COPD, 

tobacco-smoke associated COPD] 

Figure S10: Relationship between bacterial load in induced sputum samples and FEV1/FVC (%) in 

tobacco-smoke associated COPD subjects.  

The correlation between FEV1/FVC (%) versus bacterial load of Streptococcus pneumoniae (A), 

Haemophilus influenzae (B), Moraxella catarrhalis (C) and Pseudomonas aeruginosa (D) was 

determined in S-COPD (■ n = 16). Shapiro-Wilk normality test was performed. Correlation 

coefficients were calculated using non-parametric Spearman correlation analysis. P<0.05 was 

considered statistically significant. ns: not significant as P>0.05. 

[Abbreviations: COPD, chronic obstructive pulmonary disease; FEV1, forced expiratory volume; FVC, 

forced vital capacity; S-COPD, tobacco-smoke associated COPD] 

  



 

 

Figure S11: Relationship between bacterial load in induced sputum samples and FEV1 % predicted 

in smokers without COPD subjects.  

The correlation between FEV1 % predicted versus bacterial load of Streptococcus pneumoniae (A), 

Haemophilus influenzae (B), Moraxella catarrhalis (C) and Pseudomonas aeruginosa (D) was 

determined in HS (☐ n = 11). Shapiro-Wilk normality test was performed. Correlation coefficients 

were calculated using non-parametric Spearman correlation analysis. P<0.05 was considered 

statistically significant. ns: not significant as P>0.05. 

[Abbreviations: COPD, chronic obstructive pulmonary disease; FEV1, forced expiratory volume in 1 

second; HS, smokers without COPD] 

Figure S12: Relationship between bacterial load in induced sputum samples and FVC % predicted 

in smokers without COPD subjects.  

The correlation between FVC % predicted versus bacterial load of Streptococcus pneumoniae (A), 

Haemophilus influenzae (B), Moraxella catarrhalis (C) and Pseudomonas aeruginosa (D) was 

determined in HS (☐ n = 11). Shapiro-Wilk normality test was performed. Correlation coefficients 

were calculated using non-parametric Spearman correlation analysis. P<0.05 was considered 

statistically significant. ns: not significant as P>0.05. 

[Abbreviations: COPD, chronic obstructive pulmonary disease; FVC, forced vital capacity; HS, 

smokers without COPD] 

  



 

 

Figure S13: Relationship between bacterial load in induced sputum samples and FEV1/FVC (%) in 

smokers without COPD subjects.  

The correlation between FEV1/FVC (%) predicted versus bacterial load of Streptococcus pneumoniae 

(A), Haemophilus influenzae (B), Moraxella catarrhalis (C) and Pseudomonas aeruginosa (D) was 

determined in HS (☐ n = 11). Shapiro-Wilk normality test was performed. Correlation coefficients 

were calculated using non-parametric Spearman correlation analysis. P<0.05 was considered 

statistically significant. ns: not significant as P>0.05. 

[Abbreviations: COPD, chronic obstructive pulmonary disease; FEV1, forced expiratory volume; FVC, 

forced vital capacity; HS, smokers without COPD] 

Figure S14: Comparison of absolute count of sputum macrophages count in the sputum 

samples of the subjects. 

Total count of sputum macrophages was determined in the induce sputum samples of H-NS 

(○ n = 14), HS (☐ n = 11), H-BMS (△ n = 15), S-COPD (■ n = 16) and BMS-COPD (▲ n = 

20). Shapiro-Wilk normality test was performed. Data are presented as dot plots with median 

(interquartile range). Kruskal-Wallis/Dunn’s multiple comparisons test was performed for 

within the group comparisons. P<0.05 was considered statistically significant.  

[Abbreviations: COPD, chronic obstructive pulmonary disease; H-NS, healthy non-smokers; 

HS, smokers without COPD; H-BMS, biomass-smoke exposed healthy; S-COPD, tobacco-

smoke associated COPD; BMS-COPD, biomass-smoke associated COPD] 

  



 

 

Figure S15: Relationship between total sputum macrophages and pathogenic bacterial 

load in the airways of biomass-smoke associated COPD subjects. 

The correlation between total sputum macrophages and airway load of Streptococcus pneumoniae 

(A), Haemophilus influenzae (B), Moraxella catarrhalis (C), and Pseudomonas aeruginosa (D) was 

determined in the sputum samples of BMS-COPD (▲ n = 20) subjects. Shapiro-Wilk normality test was 

performed. Correlation coefficients were calculated using non-parametric Spearman correlation 

analysis. P<0.05 was considered statistically significant. ns: not significant as P>0.05. 

[Abbreviations: COPD, chronic obstructive pulmonary disease; BMS-COPD, biomass-smoke 

associated COPD] 

Figure S16: Relationship between total sputum macrophages and pathogenic bacterial 

load in the airways of biomass-smoke exposed healthy subjects. 

The correlation between total sputum macrophages and airway load of Streptococcus pneumoniae 

(A), Haemophilus influenzae (B), Moraxella catarrhalis (C), and Pseudomonas aeruginosa (D) was 

determined in the sputum samples of H-BMS (△ n = 15) subjects. Shapiro-Wilk normality test was 

performed. Correlation coefficients were calculated using non-parametric Spearman correlation 

analysis. P<0.05 was considered statistically significant. ns: not significant as P>0.05. 

[Abbreviations: COPD, chronic obstructive pulmonary disease; H-BMS, biomass-smoke 

exposed healthy] 

 

 



 

 

Figure S17: Relationship between total sputum macrophages and pathogenic bacterial 

load in the airways of tobacco-smoke associated COPD subjects. 

The correlation between total sputum macrophages and airway load of Streptococcus pneumoniae 

(A), Haemophilus influenzae (B), Moraxella catarrhalis (C), and Pseudomonas aeruginosa (D) was 

determined in the sputum samples of S-COPD (■ n = 16) subjects. Shapiro-Wilk normality test was 

performed. Correlation coefficients were calculated using non-parametric Spearman correlation 

analysis. P<0.05 was considered statistically significant. ns: not significant as P>0.05. 

[Abbreviations: COPD, chronic obstructive pulmonary disease; S-COPD, tobacco-smoke 

associated COPD] 

Figure S18: Relationship between total sputum macrophages and pathogenic bacterial 

load in the airways of smokers without COPD subjects. 

The correlation between total sputum macrophages and airway load of Streptococcus pneumoniae 

(A), Haemophilus influenzae (B), Moraxella catarrhalis (C), and Pseudomonas aeruginosa (D) was 

determined in the sputum samples of HS (☐ n = 11) subjects. Shapiro-Wilk normality test was 

performed. Correlation coefficients were calculated using non-parametric Spearman correlation 

analysis. P<0.05 was considered statistically significant. ns: not significant as P>0.05. 

[Abbreviations: COPD, chronic obstructive pulmonary disease; HS, smokers without COPD] 

  



 

 

Figure S19: Relationship between bacterial load in induced sputum samples and total SGRQ score 

in tobacco-smoke associated COPD subjects.  

The correlation between total SGRQ score versus bacterial load of Streptococcus pneumoniae (A), 

Haemophilus influenzae (B), Moraxella catarrhalis (C) and Pseudomonas aeruginosa (D) was 

determined in S-COPD (■ n = 16). Shapiro-Wilk normality test was performed. Correlation 

coefficients were calculated using non-parametric Spearman correlation analysis. P<0.05 was 

considered statistically significant. ns: not significant as P>0.05. 

[Abbreviations: COPD, chronic obstructive pulmonary disease; S-COPD, tobacco-smoke associated 

COPD; SGRQ, St. George’s Respiratory Questionnaire] 

Figure 20: Relationship between bacterial load in induced sputum samples and total CAT score in 

tobacco-smoke associated COPD subjects. 

The correlation between the total CAT score versus bacterial load of Streptococcus pneumoniae (A), 

Haemophilus influenzae (B), Moraxella catarrhalis (C) and Pseudomonas aeruginosa (D) was 

determined in S-COPD (■ n = 16). Shapiro-Wilk normality test was performed. Correlation 

coefficients were calculated using non-parametric Spearman correlation analysis. P<0.05 was 

considered statistically significant. ns: not significant as P>0.05. 

[Abbreviations: COPD, chronic obstructive pulmonary disease; CAT, COPD assessment test; 

S-COPD, tobacco-smoke associated COPD] 

 

 

 



 

 

Figure S21: Gender-related comparison of MDMs phagocytic activity for fluorescently 

labelled beads and PPBs among study subjects. 

(A) Overall comparison of MDMs phagocytic activity (mean MDMs phagocytic activity of 

fluorescently labelled inert beads and heat-killed Streptococcus pneumoniae and 

Haemophilus influenzae), (B) MDMs phagocytic activity for fluorescently-labelled inert 

beads, (C) MDMs phagocytic activity for fluorescently labelled heat-killed Streptococcus 

pneumoniae, and (D) MDMs phagocytic activity for fluorescently labelled heat-killed 

Haemophilus influenzae in male (♂ n = 52) and female (♀ n = 39). Shapiro-Wilk normality 

test was performed. Data are presented as median (interquartile range). Non-parametric 

Mann-Whitney test was performed. P<0.05 was considered statistically significant. 

[Abbreviations: MDMs, monocyte-derived macrophages; PPBs, potentially pathogenic 

bacterial species] 

Figure S22: Gender-related comparison of MDMs phagocytic activity for fluorescently labelled 

bacteria among western COPD subjects. 

MDMs phagocytic activity for fluorescently labelled heat-killed Haemophilus influenzae in 

male (♂ n = 10) and female (♀ n = 10). Shapiro-Wilk normality test was performed. Data are 

presented as median (interquartile range). Non-parametric Mann-Whitney test was 

performed. P<0.05 was considered statistically significant. 

[Abbreviations: MDMs, monocyte-derived macrophages] 

  



 

 

Figure S23: Relationship between bacterial load in the induced sputum samples and phagocytic 

activity of MDMs in biomass-smoke exposed healthy subjects. 

Correlation between MDM’s phagocytic activity of Streptococcus pneumoniae and load of 

Streptococcus pneumoniae (A); Correlation between MDM’s phagocytic activity of Haemophilus 

influenzae and load of Haemophilus influenzae (B); Shapiro-Wilk normality test was performed. 

Correlation coefficients were calculated using Spearman correlation analysis in H-BMS (△ n = 15). 

P<0.05 was considered statistically significant. 

[Abbreviations: COPD, chronic obstructive pulmonary disease; MDMs, monocyte-derived 

macrophages; H-BMS, biomass-smoke exposed healthy] 

Figure S24: Relationship between bacterial load in the induced sputum samples and phagocytic 

activity of MDMs in tobacco-smoke associated COPD subjects. 

Correlation between MDM’s phagocytic activity of Streptococcus pneumoniae and load of 

Streptococcus pneumoniae (A); Correlation between MDM’s phagocytic activity of Haemophilus 

influenzae and load of Haemophilus influenzae (B); Shapiro-Wilk normality test was performed. 

Correlation coefficients were calculated using Spearman correlation analysis in S-COPD (■ n = 16). 

P<0.05 was considered statistically significant. 

[Abbreviations: COPD, chronic obstructive pulmonary disease; MDMs, monocyte-derived 

macrophages; S-COPD, tobacco-smoke associated COPD] 

  



 

 

Figure S25: Relationship between bacterial load in the induced sputum samples and phagocytic 

activity of MDMs in smokers without COPD subjects. 

Correlation between MDM’s phagocytic activity of Streptococcus pneumoniae and load of 

Streptococcus pneumoniae (A); Correlation between MDM’s phagocytic activity of Haemophilus 

influenzae and load of Haemophilus influenzae (B); Shapiro-Wilk normality test was performed. 

Correlation coefficients were calculated using Spearman correlation analysis in HS (☐ n = 11). P<0.05 

was considered statistically significant. 

[Abbreviations: COPD, chronic obstructive pulmonary disease; MDMs, monocyte-derived 

macrophages; HS, smokers without COPD] 

Figure S26: Relationship between phagocytic activity of MDMs and FEV1 (% Pred) in biomass-

smoke associated COPD subjects. 

Correlation between MDM’s phagocytic activity of Streptococcus pneumoniae and FEV1 (% Pred) (A); 

Correlation between MDM’s phagocytic activity of Haemophilus influenzae and FEV1 (% Pred) (B); 

Shapiro-Wilk normality test was performed. Correlation coefficients were calculated using Pearson 

correlation analysis in BMS-COPD (▲ n = 23). P<0.05 was considered statistically significant. 

[Abbreviations: COPD, chronic obstructive pulmonary disease; MDMs, monocyte-derived 

macrophages; FEV1, forced expiratory volume; BMS-COPD, biomass-smoke associated 

COPD] 

  



 

 

Figure S27: Relationship between phagocytic activity of MDMs and FVC (% Pred) in biomass-smoke 

associated COPD subjects. 

Correlation between MDM’s phagocytic activity of Streptococcus pneumoniae and FVC (% Pred) (A); 

Correlation between MDM’s phagocytic activity of Haemophilus influenzae and FVC (% Pred) (B); 

Shapiro-Wilk normality test was performed. Correlation coefficients were calculated using Pearson 

correlation analysis in BMS-COPD (▲ n = 23). P<0.05 was considered statistically significant. 

[Abbreviations: COPD, chronic obstructive pulmonary disease; MDMs, monocyte-derived 

macrophages; FVC, forced vital capacity; BMS-COPD, biomass-smoke associated COPD] 

Figure S28: Relationship between phagocytic activity of MDMs and FEV1/FVC (%) in biomass-

smoke associated COPD subjects. 

Correlation between MDM’s phagocytic activity of Streptococcus pneumoniae and FEV1/FVC (%) (A); 

Correlation between MDM’s phagocytic activity of Haemophilus influenzae and FEV1/FVC (%) (B); 

Shapiro-Wilk normality test was performed. Correlation coefficients were calculated using Pearson 

correlation analysis in BMS-COPD (▲ n = 23). P<0.05 was considered statistically significant. 

[Abbreviations: COPD, chronic obstructive pulmonary disease; MDMs, monocyte-derived 

macrophages; FEV1, forced expiratory volume; FVC, forced vital capacity; BMS-COPD, 

biomass-smoke associated COPD] 

  



 

 

Figure S29: Relationship between phagocytic activity of MDMs and FEV1 (% Pred) in biomass-

smoke exposed healthy subjects. 

Correlation between MDM’s phagocytic activity of Streptococcus pneumoniae and FEV1 (% Pred) (A); 

Correlation between MDM’s phagocytic activity of Haemophilus influenzae and FEV1 (% Pred) (B); 

Shapiro-Wilk normality test was performed. Correlation coefficients were calculated using Pearson 

correlation analysis in H-BMS (△ n = 16). P<0.05 was considered statistically significant. 

[Abbreviations: COPD, chronic obstructive pulmonary disease; MDMs, monocyte-derived 

macrophages; FEV1, forced expiratory volume; H-BMS, biomass-smoke exposed healthy 

subjects] 

Figure S30: Relationship between phagocytic activity of MDMs and FVC (% Pred) in biomass-smoke 

exposed healthy subjects. 

Correlation between MDM’s phagocytic activity of Streptococcus pneumoniae and FVC (% Pred) (A); 

Correlation between MDM’s phagocytic activity of Haemophilus influenzae and FVC (% Pred) (B); 

Shapiro-Wilk normality test was performed. Correlation coefficients were calculated using Pearson 

correlation analysis in H-BMS (△ n = 16). P<0.05 was considered statistically significant. 

[Abbreviations: COPD, chronic obstructive pulmonary disease; MDMs, monocyte-derived 

macrophages; FVC, forced vital capacity; H-BMS, biomass-smoke exposed healthy] 

  



 

 

Figure S31: Relationship between phagocytic activity of MDMs and FEV1/FVC (%) in biomass-

smoke exposed healthy subjects. 

Correlation between MDM’s phagocytic activity of Streptococcus pneumoniae and FEV1/FVC (%) (A); 

Correlation between MDM’s phagocytic activity of Haemophilus influenzae and FEV1/FVC (%) (B); 

Shapiro-Wilk normality test was performed. Correlation coefficients were calculated using Pearson 

correlation analysis in H-BMS (△ n = 16). P<0.05 was considered statistically significant. 

[Abbreviations: COPD, chronic obstructive pulmonary disease; MDMs, monocyte-derived 

macrophages; FEV1, forced expiratory volume; FVC, forced vital capacity; H-BMS, 

biomass-smoke exposed healthy] 

Figure S32: Relationship between phagocytic activity of MDMs and FEV1 (% Pred) in tobacco-

smoke associated COPD subjects. 

Correlation between MDM’s phagocytic activity of Streptococcus pneumoniae and FEV1 (% Pred) (A); 

Correlation between MDM’s phagocytic activity of Haemophilus influenzae and FEV1 (% Pred) (B); 

Shapiro-Wilk normality test was performed. Correlation coefficients were calculated using Pearson 

correlation analysis in S-COPD (■ n = 19). P<0.05 was considered statistically significant. 

[Abbreviations: COPD, chronic obstructive pulmonary disease; MDMs, monocyte-derived 

macrophages; FEV1, forced expiratory volume; S-COPD, tobacco-smoke associated COPD] 

  



 

 

Figure S33: Relationship between phagocytic activity of MDMs and FVC (% Pred) in tobacco-smoke 

associated COPD subjects. 

Correlation between MDM’s phagocytic activity of Streptococcus pneumoniae and FVC (% Pred) (A); 

Correlation between MDM’s phagocytic activity of Haemophilus influenzae and FVC (% Pred) (B); 

Shapiro-Wilk normality test was performed. Correlation coefficients were calculated using Pearson 

correlation analysis in S-COPD (■ n = 19). P<0.05 was considered statistically significant. 

[Abbreviations: COPD, chronic obstructive pulmonary disease; MDMs, monocyte-derived 

macrophages; FVC, forced vital capacity; S-COPD, tobacco-smoke associated COPD] 

Figure S34: Relationship between phagocytic activity of MDMs and FEV1/FVC (%) in tobacco-smoke 

associated COPD subjects. 

Correlation between MDM’s phagocytic activity of Streptococcus pneumoniae and FEV1/FVC (%) (A); 

Correlation between MDM’s phagocytic activity of Haemophilus influenzae and FEV1/FVC (%) (B); 

Shapiro-Wilk normality test was performed. Correlation coefficients were calculated using Pearson 

correlation analysis in S-COPD (■ n = 19). P<0.05 was considered statistically significant. 

[Abbreviations: COPD, chronic obstructive pulmonary disease; MDMs, monocyte-derived 

macrophages; FEV1, forced expiratory volume; FVC, forced vital capacity; S-COPD, 

tobacco-smoke associated COPD] 

  



 

 

Figure S35: Relationship between phagocytic activity of MDMs and FEV1 (% Pred) in smokers 

without COPD subjects. 

Correlation between MDM’s phagocytic activity of Streptococcus pneumoniae and FEV1 (% Pred) (A); 

Correlation between MDM’s phagocytic activity of Haemophilus influenzae and FEV1 (% Pred) (B); 

Shapiro-Wilk normality test was performed. Correlation coefficients were calculated using Pearson 

correlation analysis in HS (☐ n = 15). P<0.05 was considered statistically significant. 

[Abbreviations: COPD, chronic obstructive pulmonary disease; MDMs, monocyte-derived 

macrophages; FEV1, forced expiratory volume; HS, smokers without COPD] 

Figure S36: Relationship between phagocytic activity of MDMs and FVC (% Pred) in smokers 

without COPD subjects. 

Correlation between MDM’s phagocytic activity of Streptococcus pneumoniae and FVC (% Pred) (A); 

Correlation between MDM’s phagocytic activity of Haemophilus influenzae and FVC (% Pred) (B); 

Shapiro-Wilk normality test was performed. Correlation coefficients were calculated using Pearson 

correlation analysis in HS (☐ n = 15). P<0.05 was considered statistically significant. 

[Abbreviations: COPD, chronic obstructive pulmonary disease; MDMs, monocyte-derived 

macrophages; FVC, forced vital capacity; HS, smokers without COPD] 

  



 

 

Figure S37: Relationship between phagocytic activity of MDMs and FEV1/FVC (%) in 

smokers without COPD subjects. 

Correlation between MDM’s phagocytic activity of Streptococcus pneumoniae and FEV1/FVC (%) (A); 

Correlation between MDM’s phagocytic activity of Haemophilus influenzae and FEV1/FVC (%) (B); 

Shapiro-Wilk normality test was performed. Correlation coefficients were calculated using Pearson 

correlation analysis in HS (☐ n = 15). P<0.05 was considered statistically significant. 

[Abbreviations: COPD, chronic obstructive pulmonary disease; MDMs, monocyte-derived 

macrophages; FEV1, forced expiratory volume; FVC, forced vital capacity; HS, smokers 

without COPD] 

Figure S38: Relationship between bacterial phagocytosis by MDMs and total CAT score in biomass-

smoke associated COPD subjects.  

Correlation analysis between total CAT score and MDMs phagocytic activity of Streptococcus 

pneumoniae (A), and Haemophilus influenzae was determined in BMS-COPD (▲ n = 23). Shapiro-Wilk 

normality test was performed. Correlation coefficients were calculated using non-parametric 

Spearman correlation regression analysis. P<0.05 was considered statistically significant. 

[Abbreviations: MDMs, Monocyte-derived macrophages; COPD, chronic obstructive 

pulmonary disease; BMS-COPD, biomass-smoke associated COPD; CAT, COPD assessment 

test] 

  



 

 

Figure S39: Relationship between bacterial phagocytosis by MDMs and total CAT score in tobacco-

smoke associated COPD subjects.  

Correlation analysis between total CAT score and MDMs phagocytic activity of Streptococcus 

pneumoniae (A), and Haemophilus influenzae was determined in S-COPD (■ n = 19). Shapiro-Wilk 

normality test was performed. Correlation coefficients were calculated using non-parametric 

Spearman correlation regression analysis. P<0.05 was considered statistically significant. 

[Abbreviations: MDMs, Monocyte-derived macrophages; COPD, chronic obstructive 

pulmonary disease; S-COPD, tobacco-smoke associated COPD; CAT, COPD assessment 

test] 

Figure S40: Relationship between bacterial phagocytosis by MDMs and total SGRQ score in BMS-

COPD subjects.  

Correlation analysis between total SGRQ score and MDMs phagocytic activity of Streptococcus 

pneumoniae (A), and Haemophilus influenzae was determined in BMS-COPD (▲ n = 23). Shapiro-Wilk 

normality test was performed. Correlation coefficients were calculated using non-parametric 

Spearman correlation regression analysis. P<0.05 was considered statistically significant. 

[Abbreviations: MDMs, Monocyte-derived macrophages; COPD, chronic obstructive 

pulmonary disease; BMS-COPD, biomass-smoke associated COPD; SGRQ, St. George’s 

Respiratory Questionnaire] 

  



 

 

Figure S41: Relationship between bacterial phagocytosis by MDMs and total SGRQ score in 

tobacco-smoke associated COPD subjects.  

Correlation analysis between total CAT score and MDMs phagocytic activity of Streptococcus 

pneumoniae (A), and Haemophilus influenzae was determined in S-COPD (■ n = 19). Shapiro-Wilk 

normality test was performed. Correlation coefficients were calculated using non-parametric 

Spearman correlation regression analysis. P<0.05 was considered statistically significant. 

[Abbreviations: MDMs, Monocyte-derived macrophages; COPD, chronic obstructive 

pulmonary disease; S-COPD, tobacco-smoke associated COPD; SGRQ, St. George’s 

Respiratory Questionnaire] 

 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 


