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Summary (230 characters) 

Non-invasive biomarkers to characterize COPD exacerbation subtypes are limited. High serum 

G-CSF enriches for COPD exacerbations associated with bacterial infection and neutrophilic 

inflammation preceded by lung microbial dysbiosis.  
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ABSTRACT  

Introduction: COPD exacerbations are heterogeneous and can be triggered by bacterial, viral, 

or non-infectious insults. Exacerbations are also heterogeneous in neutrophilic or eosinophilic 

inflammatory responses. A non-invasive peripheral biomarker of COPD exacerbations 

characterized by bacterial/neutrophilic inflammation is lacking. G-CSF is a key cytokine elevated 

during bacterial infection and mediates survival, proliferation, differentiation, and function of 

neutrophils.  

Objective: We hypothesized that high peripheral G-CSF would be indicative of COPD 

exacerbations with a neutrophilic and bacterial phenotype associated with microbial dysbiosis. 

Methods: Serum G-CSF was measured during hospitalized exacerbation and after 30 days of 

recovery in 37 subjects.  In a second cohort, serum and sputum cytokines were measured in 59 

COPD patients during stable disease, at exacerbation, and 2- and 6-weeks following 

exacerbations.  

Results: Serum G-CSF is increased during exacerbation in a subset of patients.  These 

exacerbations were enriched for bacterial and not viral or type-2 biologies.  The median serum 

G-CSF levels was 1.6-fold higher in bacterial exacerbation compared to non-bacterial 

exacerbation (22 pg/ml vs 13 pg/ml, p = 0.0007). Serum G-CSF classified bacterial exacerbations 

with an AUROC=0.76. Exacerbations with a ≥2-fold increase in serum G-CSF were characterized 

by neutrophilic inflammation, with increased sputum and blood neutrophils and high sputum 

IL-1, IL-6, and SAA.  These exacerbations were preceded by dysbiosis, with decreased 

microbiome diversity and enrichment of respiratory pathogens such as Haemophilus and 

Moraxella. Furthermore, serum G-CSF at exacerbation classified neutrophilic-dysbiotic 

exacerbations (AUROC=0.75). 

Conclusions: High serum G-CSF enriches for COPD exacerbations characterized by neutrophilic 

inflammation with underlying bacterial dysbiosis.  

 

 

 

 

  



 

INTRODUCTION  

Acute exacerbations of chronic obstructive pulmonary disease (COPD) decreases patient 

quality of life, contributes to progressive airway function decline, and can be fatal [1], 

[2].  Exacerbations are defined by an acute worsening of respiratory function leading to 

therapeutic intervention with antibiotics or corticosteroids [2].  There have been multiple 

recent efforts to define exacerbations more precisely by their molecular features, which has 

revealed heterogeneity in this key clinical event [3–5].  The identification of biomarkers to 

classify exacerbations is a step towards developing a mechanistic understanding of the 

underlying inflammatory etiology, which is needed for the development of targeted therapies.    

Unsupervised clustering analysis has previously identified four exacerbation 

phenotypes: bacterial, viral, eosinophilic, and pauci-inflammatory. These clusters were defined 

by pathogens, eosinophils or little inflammation respectively, in sputum collected during 

exacerbation [3].  The most sensitive and specific inflammatory biomarkers of these 

exacerbation phenotypes were sputum IL-1 (bacterial-predominant), serum CXCL10 (IP-10, 

viral-predominant), and the percentage of blood eosinophils (eosinophil-predominant).  A 

similar clustering approach in COPD and asthma patients that did not include microbiological 

information yielded a neutrophil-predominant cluster containing features attributed to both 

bacterial and viral exacerbations: high sputum % neutrophils, IL-1, TNF, IL-8 (bacterial), and 

serum IP-10 (viral) [4].  The subset of exacerbations characterized by high sputum IL-1β and 

presence of pathogenic bacteria such as Haemophilus influenzae are also characterized by 

increased sputum levels of the neutrophil-promoting cytokines G-CSF and IL-6 [6]. Neutrophils 

are the predominant inflammatory cell in respiratory samples during bacterial and viral 

exacerbations in many patients, and a potential therapeutic target [7, 8].  Sputum neutrophil 

elastase activity is a biomarker of bacterial exacerbation [9], an etiology accounting for 

approximately half of COPD exacerbations [3]. A  recent report further sub-grouped 

neutrophilic COPD based on the abundance of Haemophilus  [10].  Since sputum cannot be 

produced by all patients and is not routinely collected during exacerbations, the present study 

focuses on identifying a peripheral marker that can be indicative of a COPD exacerbation 

phenotype associated with underlying airway dysbiosis with overabundance of potentially 

pathogenic airway bacteria and high sputum neutrophils. 



 

We hypothesized that peripheral G-CSF could be a biomarker of a neutrophilic COPD 

phenotype and would enrich for bacterial/neutrophilic exacerbations.  Serum G-CSF correlates 

with airway G-CSF and the best non-invasive biomarker of lung neutrophils in the 

bronchoalveolar lavage fluid of patients with acute respiratory distress syndrome (ARDS) [11–

13].  Here, we show that increased serum G-CSF classifies  COPD exacerbations associated with 

airway dysbiosis enriched for potentially pathogenic bacteria and a neutrophil-predominant 

inflammatory response. 

 

METHODS 

Study Populations 

Clinical studies were approved by ethics review committees.  The ethics number for the 

BEAT:COPD study is 07/H0406/157. 

 

LEUKO cohort. Biomarkers were measured in 54 samples at exacerbation (Day 0) and 52 

samples at recovery (Day 30) with 37 paired measurements from a double-blind, placebo-

controlled, parallel group study of COPD subjects randomized to receive either Zileuton tablets 

600 mg or placebo tablets orally, 4 times per day for 14 days (study described in [14], 

NCT00493974). Inclusion criteria included an admitting diagnosis of AECOPD (defined as an 

acute increase in dyspnea, sputum volume, and/or sputum purulence without other 

attributable cause), ≥10 pack-years smoking history, and an FEV1 < 60% predicted at time of 

inclusion or an inability to perform spirometry due to dyspnea. 

MRC cohort. Biomarkers were measured in 74 exacerbation samples from 59 subjects with 56 

paired serum and sputum measurements (Supplementary Table 1) along with preceding stable 

and post-exacerbation samples from a prospective observational study [3]. Inclusion criteria 

included physician diagnosed COPD, post-bronchodilator FEV1/FVC ratio < 0.7, and  1 

exacerbation in the preceding 12 months. Samples were collected every 3 months during stable 

disease for 1 year. Baseline and stable visits were 8-weeks free of an exacerbation that required 

treatment with oral corticosteroid or antibiotics.  Samples were collected during exacerbation 



 

and at 2 and 6-week follow up visits. Subjects received standard of care oral steroid and/or 

antibiotic treatments for exacerbations [3].    

 

Classification of exacerbation subtype  

Bacteria-, virus-, and sputum eosinophil–associated COPD exacerbations are defined according 

to the original publication from MRC cohort [3]. Briefly, bacterial exacerbations were defined as 

a positive bacterial pathogen on routine culture (Haemophilus influenzae, Moraxella 

catarrhalis, Streptococcus pneumoniae, Staphylococcus aureus or Pseudomonas aeruginosa) 

and/or a total aerobic colony forming unit count (CFU) ≥107. Viral exacerbations were defined 

as one that had a positive sputum viral PCR. Eosinophilic exacerbations were defined as the 

presence of >3% non-squamous cells following sputum cytospin slide preparation. Neutrophilic 

COPD exacerbations were classified based on sputum neutrophil > 61% at exacerbation, and 

subdivided by the combined relative abundance of Haemophilus and Moraxella (dysbiotic >0.41 

and balanced 0.41) as defined in [10].  

 

Measurements of biomarkers and statistical methods 

Serum and sputum biomarkers were measured using multiplex ELISA platform including 

Luminex and as previously described [3]. Statistical analyses were performed using PRISM 

version 8 (Graph-PAD PRISM, La Jolla, CA) or R-programming software. Biomarker levels were 

log transformed and medians with 95% confidence intervals (CI) shown .  Statistical significance 

between exacerbation and recovery or preceding stable visits was calculated by Wilcoxon 

matched-pairs signed rank test. Statistical significance between G-CSF high vs low groups or 

exacerbations +/- bacterial infection was calculated using Mann-Whitney U test.  Area under 

the receiver operating characteristic curves were calculated for bacteria- versus non-bacteria-

associated exacerbation. Correlation heatmaps and the pairwise Spearman correlation 

coefficients were computed using the “cor” command in R, and plots generated using “ggplot2” 

and “ggpubr” R packages. 

 

16SV3-V5 rRNA Sequence Data Processing 



 

Raw sequence data was obtained from the NCBI Sequence Read Archive database under 

accession number SRP065072 and processed using QIIMEv1.9 [15]. Raw sequence data was first 

demultiplexed and quality filtered, keeping reads between 200-1000bp with a minimum 

average q-score >29 and zero ambiguous base calls. High quality reads were then binned into 

Operational Taxonomic Units (OTUs) at >97% sequence identity using sortmerna and the 

Greengenes bacterial rRNA database (v13_8) for closed OTU picking followed by open OTU 

picking using sumaclust [16]. Chimeric OTUs were removed with ChimeraSlayer 

(http://microbiomeutil.sourceforge.net/). Chimera-free OTU abundance tables were then 

rarefied to 4233 reads per sample to account for variable sequencing depths. 

 

Microbiome Analysis 

 - and β-diversity measures were calculated in QIIMEv1.9. All statistical analysis was 

conducted in the R statistical environment (https://cran.r-project.org/). A Wilcoxon rank-sum 

test was performed to compare -diversity between exacerbation types. Bray-Curtis distance 

matrices were visualized via NMDS and permutational multivariate analysis of variance 

(PERMANOVA) was used to determine statistical relationships between metadata (i.e. 

experimental group) and bacterial microbiota composition in the R statistical environment 

using the vegan package (https://github.com/vegandevs/vegan). To identify significantly 

enriched or depleted bacterial taxa in relevant experimental groups, the DESeq2 R-package was 

used as described by McMurdie et al [17]. Resulting p-values were adjusted for false discoveries 

using the Benjamini-Hochberg correction [18]. 

 

Human bronchial epithelial cell culture and treatment  

Normal bronchial epithelial cells (Lonza, Basel, Switzerland) were grown and differentiated in 

air-liquid interface prior to treatment with recombinant human IL-1β (10 ng/ml) (R&D Systems 

Inc. Minneapolis, MN; Cat # 201-LB-010) for 24 hours. Cytokines were measured in basal 

supernatants by multiplex Luminex (EMD Milliplex Cat. No # HCYTMAG-60K-PX30). Total RNA 

was isolated using RNeasy Mini Kit (Qiagen, Germantown, MD) and sent for standard RNA 

sequencing (Illumina, single end read, 50 bp, 30M). 

 



 

RESULTS  

Serum G-CSF is significantly elevated in a subset of hospitalized exacerbations 

 We measured serum G-CSF during severe hospitalized exacerbation and after 30 days of 

recovery in available samples from the LEUKO study (cohort demographics are summarized in 

Table 1) [14].  Serum G-CSF was increased at the time of hospitalization compared with the 30-

day recovery sample (p<0.0001, figure 1A).  A strong correlation was observed between the 

absolute level of serum G-CSF at exacerbation and the fold change between exacerbation and 

recovery samples (Spearman correlation=0.8, p<0.0001, supplementary figure 1A). 

A cutoff of 2-fold difference between G-CSF levels at exacerbation and recovery 

identified 21/37 G-CSFhigh exacerbations with a 2.5-fold higher median serum G-CSF level (figure 

1B, p<0.0001). The fold change of G-CSF was correlated with fold change of other biomarkers of 

neutrophilic inflammation such as IL-8 and SAA1 (figure 1C). In addition, we observed that the 

G-CSFhigh group tended to respond better to antibiotics treatment with a shorter length of 

hospitalization compared to G-CSFlow groups of patients (supplementary figure 1 B-C), although 

it did not achieve statistical significance.  

  

Elevated serum G-CSF levels identifies exacerbations characterized by pathogenic bacteria 

and neutrophilic inflammation 

 To better characterize G-CSFhigh exacerbations, we utilized a second available COPD 

exacerbation cohort which offered paired serum and sputum samples, richer longitudinal 

sampling and available blood and sputum cell counts.  This cohort of mild to moderate 

exacerbations pioneered the classification of exacerbation phenotypes using unbiased 

clustering analysis [3].  We measured G-CSF in 74 primary exacerbation samples that were 

preceded by a sample collected at a stable disease visit within the preceding 3 months, and at 2 

weeks and 6 weeks post-exacerbation (see table 1 for patient demographics).  G-CSF levels 

were unaffected by smoking status or FEV1 (p>0.05 Mann-Whitney).  Increased serum G-CSF 

was observed in a subset of exacerbations (p<0.0001, Figure 2A).  To characterize these G-CSF 

high exacerbations, we classified exacerbations by previously published criteria of eosinophilic, 

bacterial or viral [3] (supplementary table 1) and observed significantly increased serum G-CSF 

in non-eosinophilic and bacterial exacerbations and not in eosinophilic nor viral exacerbations 



 

(Figures 2B-E).  As bacterial and viral co-infections occur during COPD exacerbations 

(supplementary table 1) [3], we also examined the subset of exacerbations with any diagnosed 

pathogenic bacteria or virus and also observed increased G-CSF (p<0.0001, Figure 2F).    

 We then characterized the inflammatory characteristics of the twenty G-CSFhigh 

exacerbations, defined by ≥2-fold change in serum G-CSF between exacerbation and preceding 

stable visit.  G-CSFhigh exacerbations showed a greater increase in median blood neutrophil 

counts than G-CSFlow exacerbations (4.8-fold vs 1.5-fold increase) (Figure 3A).  These G-CSFhigh 

exacerbations showed a 7.5-fold higher median level of blood neutrophils and higher levels of 

IL-6 and serum amyloid A1 (SAA1), which promote neutrophilic inflammation (Figure 3B-

D).  Serum levels of other cytokines associated with bacterial (IL-8, TNF-, IL-1), viral (CXCL10), 

and type 2 inflammation (blood eosinophil counts) did not differ between G-CSFhigh and G-

CSFlow exacerbations (p>0.05, data not shown).  G-CSFhigh exacerbations were also characterized 

by an increased sputum neutrophil percentage and sputum IL-6 (Figure 3E-F).  Serum G-CSF at 

exacerbation was well correlated with multiple metrics of neutrophilic inflammation: blood and 

sputum neutrophils, serum IL-6, SAA1, CRP (Spearman correlations rho≥0.5), and moderately 

correlated with sputum IL-6 and IL-8 (Spearman correlations rho≥0.3), and not biomarkers of 

viral or eosinophilic inflammation (Figure 3G and supplementary figure S2).  When fold change 

between stable disease and exacerbation were compared, serum G-CSF correlated with blood 

neutrophils, serum IL-6 and SAA1, and sputum IL-6 (Spearman correlations rho≥0.4, Figure 3H 

and supplementary Figure S2).  Calculating fold change between levels at exacerbation and 

either baseline or 6-week recovery samples, in line with the results in the LEUKO cohort, gave 

comparable results (data not shown).  

The identification of biomarkers that could be measured during stable disease to predict 

exacerbation subtypes would enable patient enrichment, but have been challenging to 

identify.  In a previous study of this cohort, no single biomarker measured in stable disease 

could predict an exacerbation phenotype well.  We observed a trend that patients with higher 

G-CSF during stable disease were more likely to have exacerbations characterized by 

neutrophilic inflammation.  When subjects with the highest and lowest quartile of stable 

disease G-CSF were compared, high stable disease G-CSF was associated with higher blood 



 

neutrophils and significantly higher sputum neutrophils, sputum IL-8 and serum G-CSF at 

exacerbation (p<0.05) (supplementary figure 3). 

 

Elevated serum G-CSF correlates with sputum IL-1, a key biomarker of bacterial 

exacerbations 

 Bacterial exacerbations exhibited a larger increase in G-CSF and higher absolute levels 

when compared with non-bacterial exacerbations (Figure 4A-B).  Sputum IL-1β is the strongest 

immune correlate of bacterial exacerbations [3][4, 6] (Figure 4C).  Moreover, a strong 

correlation of sputum IL-1β and serum G-CSF levels at exacerbation was observed (Spearman 

rho=0.6, p<0.0001, Figure 4D). A previous study using this cohort identified CRP as the best 

serum predictor of bacterial exacerbation [3].  In the subset of samples included in this study, 

we observed the expected higher serum levels of CRP in bacterial exacerbations and strong 

correlation between CRP and G-CSF (Spearman correlation r=0.7, p<0.0001, Figure 4E-

F).   Performance of G-CSF in classifying bacterial exacerbations was evaluated by calculating 

the area under the receiver operating characteristics curve, and compared with blood 

neutrophil count and serum CRP.  Serum G-CSF classified bacterial exacerbations with an 

AUROC=0.76  which was comparable to AUROC of blood neutrophil and serum CRP (0.70 and 

0.71 respectively) (Figure 4G). 

 

G-CSFhigh exacerbations are preceded by altered sputum microbiome  

COPD exacerbations are associated with lung microbiome dysbiosis [19–25]. 

Exacerbation subtype cluster characterized by high sputum IL-1β and mediators of neutrophilic 

inflammation are enriched by the presence of potentially pathogenic bacteria such as 

Haemophilus and Moraxella [6, 21, 24, 25]. We hypothesized that bacterial exacerbations and 

exacerbations characterized by high serum G-CSF levels are preceded by an altered lung 

microbiome composition. To test this hypothesis, microbiome analysis was performed on 

available sputum from exacerbations (n=41) and the preceding stable visits (n=46).  

Reduced -diversity and a gross shift in overall sputum microbiome composition was 

observed prior to bacterial exacerbations (Figure 5A-B). Moreover, relative abundance of 

potential respiratory pathogens Haemophilus and Moraxella displayed greater than 7.0- and 



 

1.5-fold enrichment, respectively, prior to bacterial exacerbations compared to non-bacterial 

exacerbations, though the increase in Moraxella did not meet statistical significance after 

correction for FDR (Figure 5C-D). In general, these observations persisted through exacerbation 

visits with reduced -diversity and Haemophilus and Moraxella enrichment also occurring in 

sputum samples collected during bacterial exacerbations (supplementary Figure 4A-D).  

Although -diversity was not significantly reduced during stable visits preceding G-CSFhigh 

exacerbations (Figure 5E), an altered sputum microbiome composition, characterized by 

greater than 13.0-fold enrichment of both Haemophilus and Moraxella (with only the increase 

in Moraxella remaining significant after FDR correction), was still observed prior to these G-

CSFhigh exacerbations (Figure 5F-H). However, while Moraxella enrichment persisted in sputum 

collected during G-CSFhigh exacerbations, Haemophilus abundance was slightly reduced 

(supplementary Figure 4E-H). 

 

High serum G-CSF levels at exacerbation characterizes a neutrophilic-dysbiotic phenotype 

A recent report has shown that two major types of airway ecology exists for neutrophilic 

COPD, differentiated by the predominance of Haemophilus [10]. Accordingly, we examined 

whether high serum G-CSF levels were associated with the exacerbation endotype 

characterized by high sputum neutrophil and overabundance of potentially pathogenic 

organisms such as Haemophilus and/or Moraxella. We found that serum G-CSF and blood 

neutrophil counts but not serum CRP were significantly higher in Neutrophilic COPD 

exacerbations, defined by sputum neutrophil >61% (Figure 6A-C). Next, we stratified the 

Neutrophilic COPD exacerbations into Neutrophilic-dysbiotic and Neutrophilic-balanced 

exacerbations based on combined relative abundance of Haemophilus and Moraxella > 0.41. 

Median serum G-CSF was significantly higher in Neutrophilic-dysbiotic COPD exacerbations 

compared to the NeutrophilLow COPD exacebations, while blood neutrophil counts and serum 

CRP levels were not. Median G-CSF level trended higher in Neutrophilic-dysbiotic exacerbations 

compared to Neutrophilic-balanced exacerbations but was not significant (p=0.07) (Figure 6D-

F). Performance of G-CSF in classifying Neutrophilic-dysbiotic exacerbations was evaluated by 

calculating the area under the receiver operating characteristics curve and compared with 

blood neutrophil and serum CRP. Serum G-CSF stratified Neutrophilic-dysbiotic COPD with an 



 

AUROC=0.75 while blood neutrophil counts and serum CRP had AUROC of 0.50 and 0.59 

respectively (Figure 6G). 

 

Treatment of primary lung epithelial cells with IL-1 induces G-CSF production 

We were interested in the mechanistic connection between the module of neutrophil-

associated biomarkers correlating with G-CSF.  An IL-1β response signature in lung epithelial 

cells was previously identified, which included G-CSF, IL-6 and TNF [6].   We confirmed that IL-

1β was sufficient to induce G-CSF and IL-6 secretion from primary bronchial epithelial cells 

cultured at air-liquid interface (Figure 7A-B).  IL-1β also increased transcription of multiple 

neutrophil-recruiting chemokines (CXCL1, CXCL2, CXCL8/IL-8) and secretion of IL-8 (Figure 7D-G 

and 7C). However, transcription of IL-6 was not induced by IL-1β (Figure 7H). CRP is an acute 

phase protein released by the liver in response to IL-6, however, IL-1β did not induce 

transcription of CRP by lung epithelial cells (data not shown). Therefore, systemic G-CSF might 

be mechanistically connected  to lung neutrophilic response to dysbiosis orchestrated by local 

production of IL-1β. 

 

DISCUSSION  

A better understanding of the molecular drivers of exacerbation phenotypes is needed 

to develop targeted therapeutic interventions for COPD patients.  Biomarker classifiers are 

needed to study exacerbation heterogeneity in observational patient cohorts and to interpret 

data from clinical trials. This exploratory study identifies G-CSF as a novel molecular feature of 

the bacterial/neutrophilic exacerbation subtype described by other groups [3, 4, 6, 10]. Serum 

G-CSF classifies neutrophilic-dysbiotic exacerbations better than serum CRP or blood 

neutrophils. This recently described exacerbation subtype is characterized by high sputum 

neutrophils and IL-1β and abundance of potential bacterial pathogens such as Haemophilus and 

Moraxella by 16S sequencing (Supplementary Figure 5) [10].  Serum G-CSF correlates with 

neutrophils and neutrophil-promoting factors such as IL-6 and IL-8 in the lung, as sampled by 

induced sputum during exacerbation, and in the circulation.  Serum G-CSF correlates with 

sputum IL-1β and we demonstrate using physiologically-relevant primary differentiated 

bronchial epithelial cells that IL-1β stimulation is sufficient for release of G-CSF, IL-6, and IL-8. G-



 

CSF has pleiotropic effects on neutrophils, which are a predominant inflammatory cell type in 

the lungs of many COPD patients [13, 26–28].  It promotes granulopoiesis and inhibits 

apoptosis, which together contribute to increased neutrophil numbers in the lung [26, 27, 29, 

30].  G-CSF can also alter neutrophil functionality such as chemotaxis, ROS production and 

degranulation [31, 32].  How this may contribute to impaired response to infection and 

exacerbation severity in COPD patients is an interesting area for further investigation. 

Predictors of exacerbation subtypes that could be measured during stable disease 

would greatly facilitate patient selection into clinical trials of targeted therapies.  Our data 

suggests that the increased frequency of bacterial etiology in exacerbations associated with 

bacterial infection and G-CSFhigh exacerbations may be related to a preceding dysbiosis in the 

lung microbiome. Although earlier reports highlighted microbial dysbiosis during exacerbation, 

this is the first instance where a preceding stable state is shown to be enriched with potentially 

pathogenic respiratory bacteria and associated with exacerbation subtypes defined by bacterial 

infection or high serum G-CSF. Moreover, subtypes of COPD are predicted to have distinct lung 

microbiome composition and stabilities over time [19], which highlights the importance of 

better understanding the relationship of the lung microbiome during stable disease to 

exacerbation phenotypes from both biomarker and mechanistic perspectives.  We also 

observed a trend that the patients with high serum G-CSF measured during stable disease were 

more likely to have exacerbations characterized by neutrophilic inflammation (Supplementary 

Figure 3).  The relationships between stable disease levels of serum G-CSF, lung neutrophilic 

inflammation and microbial dysbiosis and exacerbation phenotypes requires characterization in 

larger cohorts.    

Limitations of this study include the small number of samples available for exacerbation 

subtypes and limited size of the microbiome dataset. Validation studies are underway to 

evaluate G-CSF in additional cohorts.  The trend that patients with G-CSFhigh exacerbations 

responded better to antibiotic therapy with shorter duration of hospitalization observed in the 

LEUKO cohort requires validation in larger independent cohorts.  The MRC cohort did not 

sample all exacerbations, precluding an analysis of the stability of G-CSFhigh exacerbations in 

patients and examination of prognostic biomarkers for the rate of G-CSFhigh exacerbations.  The 



 

viral and bacterial PCR panels were not comprehensive and so viral and bacterial exacerbations 

are potentially under-diagnosed.  Applying metagenomics approaches in future studies will 

yield a more comprehensive view of relationships between microbes and host inflammatory 

responses. 

Cumulatively, our data suggest that COPD patients having bacterial exacerbation are 

associated with dysbiotic lung microbiome at a preceding stable state with lower microbial 

diversity driven by increased abundance of respiratory pathogens like Haemophilus and 

Moraxella. This exacerbation endotype is associated with an overabundance of bacterial load in 

the lung reflected by high levels of sputum IL-1 , neutrophils and serum G-CSF. Accordingly, 

confirming serum G-CSF as a prospective biomarker for neutrophilic-dysbiotic  exacerbations in 

additional cohorts will aid in enriching subjects for precision medicine. 
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Table 1.  Patient characteristics  

 LEUKO cohort MRC cohort 
 Placebo Zileuton  

Subjects (n) 33 36 59 

Age (years) 63  1.7 61  1.5 70  9.3 

Gender (n/%) Male = 22 (67)              
Female = 11 (33) 

Male = 20 (56)                
Female = 16 (44) 

Male = 41 (70) 
 Female = 18 (30) 

Race (n/%) Caucasian = 14 (42)  
African-American =18 (54)  

Hispanic = 2 (6)  
Native-American = 3 (9) 

Caucasian = 21 (58) 
African-American = 13 (36) 

Hispanic = 3 (8) 
Native-American = 4 (11) 

Caucasian = 58 (98) 
 Black = 1 (2) 

Smoking status (n/%) Ex-smoker = 21 (64)  
Current smoker = 12 (36) 

Ex-smoker = 25 (70); 
Current = 11 (30) 

Ex-smoker = 41 (70) 
Current = 15 (25) 

 Non-smoker = 3 (5) 

GOLD stage (n/%)   GOLD 2 = 28 (47) 
GOLD 3 = 22 (37) 
GOLD 4 = 9 (15) 

pre-bronchodilator FEV1 
(Mean + SEM) 

0.87  0.09 0.75  0.17 1.31  0.07 

post-bronchodilator FEV1 
(Mean + SEM) 

0.81  0.11 1.0  0.18 1.36  0.07 

FVC (Mean + SEM) 2.46  0.96 2.59  0.90 2.67  0.09 
missing 1 subject  

pre-bronchodilator 
FEV/FVC (Mean + SEM) 

0.39  0.04 0.44  0.04 0.49  0.02 

post-bronchodilator 
FEV/FVC (Mean + SEM) 

0.47  0.05 0.45  0.04 0.51  0.02 

 

*37 LEUKO participants with matched G-CSF measurements of Exacerbation (D0) and Recovery 

(D30) 

  



 

FIGURE LEGENDS 

Figure 1. Serum G-CSF is significantly elevated during COPD exacerbation A) Serum G-CSF was 

measured at exacerbation (N=54) and recovery (30-day post exacerbation, N=52) from a 

hospitalized AECOPD cohort (LEUKO cohort). Paired exacerbation and recovery samples were 

available for 37 patients, and analysis was performed on pooled treatment arms as there was 

no obvious treatment advantage of zileuton compared with placebo. P=Wilcoxon matched-

pairs signed rank test.  B) Among 37 paired samples, 21 subjects had > 2-fold decrease of serum 

G-CSF at recovery. Medians  95% CI and Mann-Whitney U test p values shown. C) A heatmap 

of Spearman’s correlations between the fold change of the biomarkers at exacerbation 

compared to a preceding stable visit. Each square represents the correlation between the 

feature heading the column with the feature heading the row. The number in a given square 

indicates the corresponding Spearman correlation coefficient between the two features. 

 

 Figure 2. Elevated levels of serum G-CSF during exacerbations are non-eosinophilic and 

predominantly associated with infection. A) Serum G-CSF was measured from 74 exacerbations 

with preceding stable visits and at 2 weeks and 6 weeks follow-up visits from 54 subjects (MRC 

cohort). B-C) Serum G-CSF measurements were categorized between eosinophilic and non-

eosinophilic exacerbations. Serum G-CSF measurements were compared between 

exacerbations strictly associated with D) bacterial infection (N=18), E) viral infection (N=7) or F) 

infectious defined by bacteria, virus or bacteria/virus co-infection (N=37). Statistical significance 

is shown by respective p-values generated by Wilcoxon matched-pairs signed rank test. 

 

Figure 3. Exacerbations categorized by G-CSF induction are characterized by higher biomarkers 

of neutrophilic inflammation. G-CSF high (Hi) and low (Lo) groups are categorized based on 2-

fold higher G-CSF at exacerbation compared to preceding stable visit. A) Blood neutrophil fold 

change is the change of blood neutrophil at exacerbation compared to preceding stable visit, B) 

absolute blood neutrophil count at exacerbation, C) serum IL-6 at exacerbation, D) serum SAA 

at exacerbation, E) sputum neutrophil percentage at exacerbation, and F) sputum IL-6 at 

exacerbation.  Mann-Whitney U test p values are shown. G) A heatmap of Spearman’s 

correlations between biomarkers at exacerbation. H) A heatmap of Spearman’s correlations 



 

between the fold change of the biomarkers at exacerbation compared to the preceding stable 

visit. Each square represents the correlation between the feature heading the column with the 

feature heading the row. The number in a given square indicates the corresponding Spearman 

correlation coefficient between the two features. 

 

Figure 4.  High G-CSF levels at exacerbation is associated with higher frequency of bacterial 

infection. A-C,E) Biomarker levels were compared between bacterial vs non-bacterial 

exacerbations.  A) G-CSF fold change between exacerbation and preceding stable visit, B) serum 

G-CSF at exacerbation, C) sputum IL-1β at exacerbation, E) serum CRP at exacerbation. D,F) 

Spearman’s correlation plots are shown between serum G-CSF at exacerbation and D) sputum 

IL-1β at exacerbation, and F) serum CRP at exacerbation.  G) Receiver operating characteristic 

curve illustrating biomarkers that positively predict bacterial exacerbation, AUC=area under the 

curve. A-C,E) Medians  95% CI and Mann-Whitney U test  p values are shown. D,F) Spearman’s 

correlations and p values are indicated.  

 

Figure 5. An altered sputum microbiome precedes exacerbations characterized by bacteria or 

2 fold increase in serum G-CSF. A,E) Shannon’s Diversity Index, B,F) NMDS ordination plot of 

Bray-Curtis distances with dashed ellipses representing the 95% CI for the centroid of each 

stratification group, C,G) Haemophilus abundance, and D,H) Moraxella abundance for the 

sputum microbiota during stable disease prior to bacterial exacerbations. A-D) Bacterial 

exacerbations, No: n=17, Yes: n=22.  E-H) Exacerbations characterized by 2-fold increase in G-

CSF, Lo: n=33, Hi: n=13). For a and e, group mean +/- standard error and Wilcoxon Rank-Sum 

test p values are shown. For B and F, permutational ANOVA was calculated. For C, D, G, and H, 

the y-axes have been fixed to the limits of log10(relative abundance) for these samples, group 

mean log10(relative abundance) +/- standard error is depicted, and statistical significance was 

determined by DESeq2 and adjusted for false discoveries. 

 

Figure 6. Serum G-CSF levels at exacerbation stratifies neutrophilic-dysbiotic exacerbations. A) 

serum G-CSF levels, B) blood neutrophil counts, C) serum CRP levels at exacerbation were 

compared between Neutrophilic (sputum neutrophil >61%) and Neutrophil-Lo COPD 



 

exacerbations. D) Serum G-CSF levels, E) blood neutrophil counts, F) serum CRP levels at 

exacerbation were compared between Neutrophilic-dysbiotic (relative abundance of 

Haemophilus and Moraxella >0.41), Neutrophilic-balanced and Neutrophil-Lo (sputum 

neutrophil <61%). G) Receiver operating characteristic curve for classifying Neutrophilic-

dysbiotic COPD exacerbations, AUC=area under the curve. Mann-Whitney U test p values are 

shown. 

 

Figure 7. IL-1β treatment directly induces genes conducive of neutrophilic inflammation. A-C) 

Normal human bronchial epithelial cells were differentiated to air-liquid interface and treated 

with IL-1β (10ng/ml) for 24 h and the cytokine levels were measured from cell supernatants by 

Luminex based ELISA assay D-H) RNA was isolated to examine the gene expression by 

RNAseq.  Statistical significance was determined by unpaired t-test with Welch's correction. 

 

 

Supplementary Figures 

 

Supplementary figure 1.  

A) Spearman’s correlation of G-CSF levels at exacerbation with G-CSF fold change during 

recovery (N=37). B) Subjects having high G-CSF levels at exacerbation has shorter length of 

hospital stay following antibiotic (Abx) treatment as represented by the Box-plot and C) Kaplan-

Meier plot. 

 

Supplementary figure 2. High serum G-CSF during exacerbation reflects lung neutrophilic 

inflammation. A-B) G-CSF fold change (N=68) and G-CSF levels at exacerbation (N=68) were 

plotted as a continuous variable against sputum neutrophil percent at exacerbation. C-D) G-CSF 

fold change (N=62) and G-CSF levels at exacerbation (N=62) were plotted as a continuous 

variable against sputum IL-6 levels at exacerbation. Statistical significance analyzed by 

Spearman’s correlation. 

 

Supplementary figure 3.  



 

Baseline G-CSF is prognostic of neutrophilic inflammation during exacerbation. Patients were 

grouped into 4 quartiles based on their baseline G-CSF expression levels and plotted against A) 

blood neutrophil counts, B) sputum neutrophil percent, C) sputum IL-8 and D) serum G-CSF at 

exacerbation. Wilcoxon rank sum test p values were calculated between the lowest and the 

highest quartiles. 

 

Supplementary figure 4. An altered sputum microbiome is present during both bacterial 

exacerbations and those with 2- fold increase in G-CSF. A,E) Shannon’s Diversity Index, B,F) 

NMDS ordination plot of Bray-Curtis distances with dashed ellipses representing the 95% CI for 

the centroid of each stratification group, C,G) Haemophilus abundance, and D,H) Moraxella 

abundance for the sputum microbiota during bacterial exacerbations. A-D) Bacterial 

exacerbations, No: n=16, Yes: n=17.  E-H) exacerbations characterized by >2-fold increase in G-

CSF, No: n=31, Yes: n=9). For A and E, group mean +/- standard error and Wilcoxon Rank-Sum 

test p values are shown. For B and F, permutational ANOVA was calculated. For C, D, G, and H, 

the y-axes have been fixed to the limits of log10(relative abundance) for these samples, group 

mean log10(relative abundance) +/- standard error is depicted, and statistical significance was 

determined by DESeq2 and adjusted for false discoveries. 

Supplementary figure 5. Model summary. A dysbiotic lung microbiota with lower bacterial 

diversity driven by colonization of potential respiratory pathogens such as Haemophilus and 

Moraxella precedes bacterial exacerbations in COPD patients.  Elevated serum G-CSF at 

exacerbation classifies exacerbations characterized by bacteria (increased abundance of 

respiratory pathogens such as Haemophilus and Moraxella, increased bacterial load, and 

reduced lung microbiome diversity) and neutrophilic inflammation (high sputum and blood 

neutrophils and sputum IL-1). 
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Supplementary Data  

Supplementary Table 1. Subtypes of primary exacerbations (MRC cohort) 
Exacerbation type Number of 

primary 
exacerbations 

Percent Number of 
subjects 

All 74 100% 59 

Bacterial 
exacerbation 

18 24.3% 18 

Bacteria : Virus 9 12.2% 9 

Bacteria: Eos 1 1.4% 1 

Bacteria : Virus: 
Eos 

1 1.4% 1 

Viral Exacerbation 7 9.5% 7 

Virus: Eos 1 1.4% 1 

Eosinophilic 
Exacerbation 

9 15.3% 9 

Total infection 
associated 
exacerbation 

37 50% 35 
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Supplementary figure 1. A) Spearman’s correlation of G-CSF levels at exacerbation with G-CSF 

fold change during recovery (N=37). B) Subjects having high G-CSF levels at exacerbation has 

shorter length of hospital stay following antibiotic (Abx) treatment as represented by the Box-

plot and C) Kaplan-Meier plot. 
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Supplementary figure 2. High serum G-CSF during exacerbation reflects lung neutrophilic 

inflammation. A-B) G-CSF fold change (N=68) and G-CSF levels at exacerbation (N=68) were 

plotted as a continuous variable against sputum neutrophil percent at exacerbation. C-D) G-CSF 

fold change (N=62) and G-CSF levels at exacerbation (N=62) were plotted as a continuous variable 

against sputum IL-6 levels at exacerbation. Statistical significance analyzed by Spearman’s 

correlation. 
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Supplementary figure 3. Baseline G-CSF is prognostic of neutrophilic inflammation during 

exacerbation. Patients were grouped into 4 quartiles based on their baseline G-CSF expression 

levels and plotted against A) blood neutrophil counts, B) sputum neutrophil percent, C) sputum 

IL-8 and D) serum G-CSF at exacerbation. Wilcoxon rank sum test p values were calculated 

between the lowest and the highest quartiles. 
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Supplementary figure 4. An altered sputum microbiome is present during both bacterial 

exacerbations and those with ³2- fold increase in G-CSF. A,E) Shannon’s Diversity Index, B,F) 

NMDS ordination plot of Bray-Curtis distances with dashed ellipses representing the 95% CI for 

the centroid of each stratification group, C,G) Haemophilus abundance, and D,H) Moraxella 

abundance for the sputum microbiota during bacterial exacerbations. A-D)  Bacterial 

exacerbations, No: n=16, Yes: n=17.  E-H) exacerbations characterized by >2 fold increase in G-

CSF, No: n=31, Yes: n=9). For A and E, group mean +/- standard error and Wilcoxon Rank-Sum 

test p values are shown. For B and F, permutational ANOVA was calculated. For C, D, G, and H, 

the y-axes have been fixed to the limits of log10(relative abundance) for these samples, group 

mean log10(relative abundance) +/- standard error is depicted, and statistical significance was 

determined by DESeq2 and adjusted for false discoveries. 
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Supplementary figure 5. Model summary. A dysbiotic lung microbiota with lower bacterial 

diversity driven by colonization of potential respiratory pathogens such as Haemophilus and 

Moraxella precedes bacterial exacerbations in COPD patients.  Elevated serum G-CSF at 

exacerbation classifies exacerbations characterized by bacteria (increased abundance of 

respiratory pathogens such as Haemophilus and Moraxella, increased bacterial load, and 

reduced lung microbiome diversity) and neutrophilic inflammation (high sputum and blood 

neutrophils and sputum IL-1b). 


