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Abstract: Objectives: The composition and structure of site-specific microbiota have been investigated as potential 
biomarkers for a variety of chronic inflammatory diseases and cancers. While many studies have focused on the 
changes in the airway microbiota using respiratory specimens from patients with various respiratory diseases, more 
research is needed to explore the microbial profiles within the distal lung parenchyma in smokers with lung cancer 
and/or emphysema. Materials and Methods: To describe and contrast lung tissue-associated microbial signatures 
in smokers with lung cancer and/or emphysema, we employed culture-independent pyrosequencing of 16S rRNA 
gene hypervariable V4 region and compositional analysis in non-malignant lung tissue samples obtained from 40 
heavy smokers, including 10 emphysema-only, 11 lung cancer-only, and 19 with both lung cancer and emphysema. 
Results and Conclusion: The emphysema-only group presented a lower bacterial community evenness defined by 
a significantly lower Shannon diversity index compared to the lung cancer patients with or without emphysema (P 
= 0.006). Furthermore, community compositions of lung cancer patients with or without emphysema were char-
acterized by a significantly lower abundance of Proteobacteria (primary the genera Acinetobacter and Acidovorax) 
and higher prevalence of Firmicutes (Streptococcus) and Bacteroidetes (Prevotella), compared to emphysema-only 
patients. In conclusion, the lung microbial composition and communities structures of smokers with lung cancer 
are distinct from the emphysema-only patients. Although preliminary, our findings suggest that lung microbiome 
changes could be a biomarker of lung cancer that could eventually be used to help screening for the disease.
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Introduction

The relationship between smoking, airflow ob- 
struction, and lung cancer (LC) is well recog-
nized. We and others have previously shown 
that tobacco-induced chronic obstructive air-
ways disease (COPD) including both chronic 
bronchitis and emphysema, is characterized  
by sustained inflammation in the airways and 
lung parenchyma [1-4]. COPD is a significant 
contributor to LC risk in smokers with an ob- 
served three- to 10-fold increased risk of LC  
for smokers with COPD  compared to smokers 
without emphysema or significant airway ob- 
struction [5]. Recent genome-wide association 
studies have identified overlapping genetic sus-
ceptibility loci for LC, smoking behavior, COPD, 
and pulmonary function [6]. However, there is 

considerable unexplained inter-individual varia-
tion in susceptibility of long-term smokers to 
developing COPD and/or progressing from CO- 
PD to LC.   

The human microbiota may alter cancer risk 
directly through action on local tissue microen-
vironment, indirectly via exposure to metabo-
lites produced by the commensal bacteria, or 
by chronic immune stimulation and induction of 
immune exhaustion that collectively can reduce 
immune surveillance [7]. Metagenomics tools 
have been extensively applied to understanding 
microbial communities in the gut, skin, oral, 
nasal cavity, genital tract, and more recently, 
the respiratory tract. The lung had long been 
considered a sterile environment by culture-
based techniques, thus initially excluded from 
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the body sites in the original goals of the Hu- 
man Microbiome Project (HMP). However, this 
assumption has been challenged by studies 
using modern culture-independent techniques 
(sequencing of bacterial 16S ribosomal RNA 
[rRNA] gene libraries) that indicate a low-abun-
dance microbiota exists within distal airways of 
the lung [8-18]. The majority of these strains 
cannot be detected by routine culture-based 
technologies and were therefore missed in 
early studies addressing this topic. Also, there 
are selective pressures in the lungs for bacte-
rial persistence, colonization and growth that 
uniquely shape the bacterial community of this 
body site. Furthermore, several epidemiologi- 
cal and molecular studies have shown serolo- 
gical evidence of an association between bac-
terium Chlamydia pneumoniae [19, 20] and 
Nontypeable Haemophilus influenzae (NTHi) 
[21] infections and COPD development and LC 
promotion.  

Due to the difficulty and invasiveness of sam-
pling lung tissue, of the previous LC microbi-
ome studies to date, only one have used the 
lung tissue of LC patients (the Environment and 
Genetics in LC Etiology [EAGLE] study) [22], oth-
ers have relied on respiratory specimens (i.e., 
expectorated sputum, bronchoscopic brushing, 
or bronchoalveolar lavage [BAL] fluid) [23, 24]; 
same as most previous research of respiratory 
disorders (i.e., COPD, asthma and cystic fibro-
sis) [25-33], few explanted lung tissue [14, 25, 
34, 35]. Therefore, the characteristics of lung 
tissue microbiota remain largely unknown. To 
address this knowledge gap, we sought to 
describe and contrast lung microbial signa-
tures in surgically excised tissue samples of 
smokers with LC and/or emphysema, by using 
culture-independent 16S rRNA gene sequenc- 
ing.

Methods

Study population 

Eligible subjects were selected from the lung 
tissue bank collected as part of a COPD and 
Emphysema Study that enrolled current- or  
former- smokers at the Houston Methodist 
Hospital and Michael E. DeBakey Veterans 
Affairs Medical Center in Houston, Texas, from 
2002 to 2012 [36, 37]. Demographic and clini-
cal information were collected. Pulmonary func-
tion tests (PFT) including forced vital capacity 

(FVC), forced expiratory volume in 1 second 
(FEV1), peak expiratory flow, and the ratio of 
FVC and FEV1, and chest computed tomogra-
phy (CT) scans were used to determine the  
clinical phenotype of three groups of sub- 
jects: emphysema-only (moderate-to-severe), 
LC-only, both LC and emphysema (any emphy-
sema). The LC-only patients did not have any 
evidence for emphysema per CT scan or air- 
flow obstruction by PFT. The Global Obstructive 
Lung Disease (GOLD) classification score was 
used to classify the severity of airflow obstruc-
tion associated with spirometry. 

Patients with history of prior cancer, other  
significant systemic or respiratory conditions, 
chronic viral infections (e.g. HIV, Hepatitis B, or 
C), bacterial infection or antibiotic use within six 
weeks prior to surgery, and those on immuno-
suppressive treatment (e.g. chemotherapy, oral 
steroids, etc.), were excluded. No LC patients 
had received chemotherapy, radiation therapy, 
or other treatments for LC before surgery. Ca- 
ses were selected from lung tissue samples 
collected from heavy smokers (≥ 20 pack-
years, PPY), who were over 50-years of age, 
and required medically necessary surgery for 
treatment of LC (LC-only or LC with emphyse-
ma), and lung transplant or lung volume reduc-
tion for treatment of end-stage emphysema 
(emphysema-only). The smoking PPY were cal-
culated by multiplying the total number of years 
smoked by the average number of cigarettes 
smoked per day divided by 20. All subjects were 
informed about the nature of the study and  
provided written informed consent for their  
participation. The protocol was reviewed and 
approved by the Committee for the Protection 
of Human Subjects at Baylor College of Medi- 
cine.

Lung tissue sample preparation and microbial 
DNA isolation

Archived lung tissue was separated into three 
groups: 1) emphysema that included lung vol-
ume reduction surgery or lung transplant; 2) 
lobectomy for treatment of LC with emphyse-
ma; 3) lobectomy for treatment of LC without 
emphysema. In cases of LC surgery, tumor-free 
lung tissue was collected at least 10 cm away 
from the cancer, and in all cases lung tissue 
were collected sterilely into Hanks balanced 
salt solution in the operating room and were 
transported at 4°C to the laboratory ≤ 30 min-
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utes. Small tissue fragments from each sample 
were embedded in optimal cutting temperature 
compound, flash frozen in liquid nitrogen, and 
stored at -80°C. For each subject, usually more 
than one tissue sample was collected and  
at least one sample was examined by a pa- 
thologist to confirm the absence of tumor 
nuclei. 

Microbial DNA was extracted from tumor-free 
lung tissue using Powerlyzer UltraClean Mi- 
crobial DNA Isolation Kit (MO BIO Laboratories, 
Carlsbad, CA) according to the manufacturer’s 
instructions. The isolated DNA stored at -20°C 
to -80°C to prevent degradation prior to ampli-
fication steps. To reduce potential procedural 
contamination, one laboratory technician pro-
cessed (i.e., aliquoted, frozen, and stored) all 
the samples and extracted the microbial DNA 
with the same equipment, kits and reagents. All 
the tools and materials in contact with the lung 
tissues were sterile. 

16S rRNA gene sequencing and bioinformatics 
analysis

Bacterial 16S rRNA gene profiling was conduct-
ed by The Alkek Center for Metagenomics and 
Microbiome Research at Baylor College of 
Medicine as previously described [38]. Briefly, 
the 16S rRNA gene hypervariable V4 region 
was amplified and sequenced using the Illumina 
MiSeq platform. Sequences that did not pass 
quality checks were removed from the analysis. 
The read pairs were de-multiplexed based on 
the unique molecular barcodes, reads were 
merged using the Ultra-fast Sequence Analysis 
(USEARCH) [39], and aligned against the SILVA 
16S database. We used an in-house pipeline 
for 16S rRNA analysis. Sequences were as- 
signed into Operational Taxonomic Units (OTUs) 
at 97% similarity using the UPARSE pipeline 
[40]. Unclassified sequences were removed 
from the dataset to exclude non-bacterial se- 
quences. 

Table 1. Basic characteristics of study participants
Characteristics Emphysema-only 

(n = 10)
LC-only  
(n = 11)

LC with emphysema 
(n = 19)

P among 3 
groups

P between LC (n = 30) and 
emphysema-only (n = 10)  

Race 0.056 0.956
    White 9 8 19
    Hispanic and Black 1 3 -
Age, years 0.899 0.989
    Median (range) 61 (58-78) 65 (51-80) 64 (50-77)
Gender 0.450 0.297
    Male 8 10 18
    Female 2 1 1
Smoking status 0.301 0.147
    Current - 2 4
    Former 10 9 15
Smoking PPY 0.620 0.462
    Median (range) 55 (30-120) 54 (20-129) 60 (22-160)
Tissue location 0.009 0.002
    Lower lobe - 5 11
    Upper lobe 10 6 8
Histology - -
    Adenocarcinoma - 7 6
    Squamous cell carcinoma - 3 11
    Small-cell - 1 2
Tumor stage# - -
    Early (T1-T2) - 8 13
    Advanced (T3) - 1 3
FEV1 (% predicted) < 0.0001 < 0.0001
    Median (range) 26 (17-39) 94 (73-116) 60 (32-82)
FEV1/FVC (%) < 0.0001 < 0.0001
    Median (range) 30.5 (20-39) 82 (70-100) 61 (34-71)
Abbreviations: LC, lung cancer; PPY, pack-year; FEV1, forced expiratory volume in one second; FVC, forced vital capacity. #Numbers do not add up 
to the column totals due to missing values.
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The taxonomic alpha-diversity (e.g., number  
of observed OTUs, Shannon diversity index-an 
indicator of evenness and richness) and rela-
tive abundance difference among the three 
groups were compared using the Kruskal Wallis 
ANOVA; for difference between the two groups, 
LC patients (LC-only or LC with emphysema) 
versus emphysema-only patients, the Wilcoxon 
rank sum test were performed. Taxonomic beta- 
diversity analysis of bacterial communities was 
assessed with the weighted UniFrac metric [41] 
(the calculated value is the sum of the branch-
es weighted by the difference in the number of 
descendants from each community for each 
branch), and visualized using principal coordi-
nate analysis (PCoA) of the distance matrix [42] 
or hierarchical clustering. Between-group dif-
ferences in beta-diversity were assessed with 
PERMANOVA [43]. False Discovery Rate (FDR) 
was used to control for multiple testing [44].

Results

Characteristics of study population 

A total of 44 lung tissue samples from 44 heavy 
smokers were submitted for 16S rRNA gene 
sequencing, but four samples’ (two LC-only and 
two patients with both LC and emphysema) 
sequences didn’t pass the quality control due 
to suboptimal amplification and read count, 
bringing our final sample size to 40. The final 
samples included 10 moderate-to-severe em- 

physema-only patients, 30 LC patients (11 
LC-only and 19 with both LC and emphysema). 
The demographics and clinical characteristics 
of the subjects are summarized in Table 1. The 
vast majority (90%) of patients were male and 
White. Compare to the emphysema-only pa- 
tients, the LC patients were heavier smokers 
(median PPY, 58 versus 55), slightly older (me- 
dian age, 65 versus 62), and had a signifi- 
cantly higher FEV1 and FEV1/FVC (P < 0.0001). 
The location of lung tissue in emphysema-only 
patients were all upper lobe, while the LC pa- 
tients contained both upper and lower lobes (P 
= 0.002). Of the LC patients, 43.3% were ade-
nocarcinoma, 46.7% were squamous cell carci-
noma, and 9% were small-cell lung carcinoma; 
most LC patients were early stage (80%). 

Lung bacterial community richness and alpha 
diversity 

Across all 40 lung tissue samples, 186,972 
high-quality 16S (v4) rRNA gene sequences 
were generated. The dataset was rarefied (nor-
malized) to 1,080 reads and these were classi-
fied into 383 OTUs. The number of observed 
OTUs (richness) did not differ among the three 
groups (Figure 1A). However, analysis of the 
Shannon diversity index showed a statistically 
significant lower index average for the em- 
physema-only group when compared with the 
LC patients with or without emphysema (FDR-
adjusted P = 0.006; Figure 1B). We found some 

Figure 1. Alpha-diversity of the lung bacterial communities in LC and emphysema patients. A. Number of observed 
OTUs (operational taxonomic units), a measure of species richness; B. Shannon diversity index, a measure of spe-
cies richness and evenness. The P values of the Kruskal-Wallis test refer to the comparison among the three groups: 
emphysema-only (n = 10, red circles), LC only (n = 11, blue circles), and both LC and emphysema (n = 19, green 
circles). The P values of the Wilcoxon rank-sum test, refer to the comparison between emphysema-only (red circles, 
n = 10) and LC patients with or without emphysema (blue and green circles, n = 30).
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evidence for a difference in the Shannon di- 
versity index among the three groups (FDR-
adjusted P = 0.022). These findings indicate 
that the emphysema-only group harbored a 
similar bacterial richness but exhibited a less 
even community distinct from those with LC- 
only or both LC and emphysema. These results 
suggest that samples from the emphysema-
only group are dominated by a few bacterial 
species thus impacting the distribution of the 
observed OTUs. However, there is no signifi- 
cant difference between the two LC patients 
groups (LC-only versus LC with emphysema, 
FDR-adjusted P = 0.47). 

We also examined the difference of bacterial 
community richness and alpha diversity by epi-
demiological and clinical variables. There were 
no significant differences observed in age (con-
tinuous), sex, race, and smoking status (former 
versus current). Although not significant, the 
number of observed OTUs decreased as the 
number of smoking PPY (quartiles) increased 
across all study subjects, with the Kruskal-
Wallis test P-trend of 0.36 (Figure 2A); among 
the three groups, with P-trend of 0.54 for em- 
physema-only, 0.14 for LC-only, and 0.71 for LC 
patients with emphysema (Figure 2B). In addi-
tion, no significant alpha diversity differences 

Figure 2. Smoking PPY and observed OTUs. A. In all samples (N = 40): Although not significant, the number of ob-
served OTUs (operational taxonomic units) decreased as the number of PPY (pack-year) increased, with the Kruskal-
Wallis test P-trend of 0.36. B. Among the three groups: the Kruskal-Wallis test P-trend were 0.54, 0.14 and 0.71, for 
emphysema-only (n = 10), LC-only (n = 11), and both LC and emphysema patients (n = 19), respectively. 

Figure 3. Principal coordinate analysis of lung bacterial communities based on weighted Unifrac distances. Each 
symbol represents a sample. The proportion of variance explained by each principal component is denoted in the 
corresponding axis label. These two components explained 52.6.1% of the variance. The lung bacterial communities 
of the LC patients, with (green circles) or without (blue circles) emphysema, were clustered together, and distinctly 
separated from the emphysema-only patients (red circles). Both P values from the Kruskal-Wallis test (comparison 
among three groups) and the Wilcoxon rank-sum test (emphysema-only versus LC patients), were 0.001. 
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Table 2. The community composition and relative abundance of non-malignant lung tissue bacterial 
taxa

Taxa 
Mean relative abundance, %*

P among 3 
groups#

P between LC and 
emphysema-only†Emphysema-only LC-only LC with  

emphysema
Phylum
    Proteobacteria 71.7 28.9 22.3 0.0001 0.00003
    Firmicutes 12.7 43.0 44.1 0.0002 0.00007
    Bacteroidetes 2.2 6.93 10.4 0.0103 0.004
    Fusobacteria 0.72 0.02 2.56 0.023 0.466
    Actinobacteria 6.82 16.6 15.7 0.063 0.021
    Verrucomicrobia 1.09 3.60 3.62 0.314 0.199
    Cyanobacteria 2.75 0.72 1.13 0.660 0.372
    Acidobacteria 1.98 - 0.15 0.465 0.242
Genus (Phylum)
    Acinetobacter (Proteobacteria) 55.5 6.03 4.22 < 0.00001 < 0.00001
    Acidovorax (Proteobacteria) 8.23 0.41 0.15 < 0.00001 < 0.00001
    Prevotella (Bacteroidetes) 0.46 4.43 5.30 0.021 0.006
    Bifidobacterium (Actinobacteria) 3.41 14.2 13.0 0.027 0.009
    Streptococcus (Firmicutes) 0.10 1.98 4.95 0.026 0.023
    Diaphorobacter (Proteobacteria) 1.68 0.26 1.13 0.032 0.011
    Fusobacterium (Fusobacteria) 0.71 - 1.61 0.051 0.811
    Sphingomonas (Proteobacteria) 2.75 0.15 0.45 0.120 0.043
    Ruminococcus (Firmicutes) 1.03 6.02 3.83 0.095 0.101
    Aggregatibacter (Proteobacteria) - 1.86 0.47 0.201 0.077
    Bryobacter (Acidobacteria) 1.97 - - 0.223 0.094
    Limnobacter (Proteobacteria) - 1.46 - 0.268 0.603
    Finegoldia (Firmicutes) - 1.51 0.26 0.282 0.183
    Akkermansia (Verrucomicrobia) 1.09 3.60 3.62 0.314 0.199
    Bartonella (Proteobacteria) - - 1.18 0.322 0.432
    Bacillus (Firmicutes) - - 2.23 0.338 0.463
    Escherichia/Shigella (Proteobacteria) 0.11 2.30 2.26 0.345 0.163
    Methylobacterium (Proteobacteria) - 6.00 0.22 0.353 0.546
    Blautia (Firmicutes) 0.31 4.89 1.57 0.372 0.182
    Selenomonas (Firmicutes) - 3.81 0.20 0.386 0.183
    Pantoea (Proteobacteria) 0.42 3.11 0.11 0.394 0.202
    Haemophilus (Proteobacteria) 0.11 1.04 2.08 0.545 0.672
    Bacteroides (Bacteroidetes) 0.74 1.60 2.24 0.574 0.778
    Faecalibacterium (Firmicutes) 1.88 2.19 4.86 0.577 0.700
    Staphylococcus (Firmicutes) 1.33 3.89 2.40 0.638 0.891
    Janthinobacterium (Proteobacteria) - - 1.29 0.652 0.432
    Enterobacter (Proteobacteria) 0.19 0.76 1.13 0.663 0.378
    Neisseria (Proteobacteria) 0.11 0.16 2.31 0.691 0.423
    Dialister (Firmicutes) 1.00 1.63 3.21 0.757 0.621
    Sarcina (Firmicutes) 1.12 1.23 1.21 0.948 0.851
    Anaerostipes (Firmicutes) 0.51 0.72 1.39 0.976 0.943
    Paracoccus (Proteobacteria) 0.20 1.78 - 0.999 0.999
Abbreviations: LC, lung cancer; *To decrease the number of features, we only focused on major taxa and operational taxonomic 
units (OTUs), defined as those having mean relative abundance > 1% in at least one of the three groups; “-” indicates relative 
abundance < 0.1%. #The P values among three groups were determined by the Kruskal-Wallis test with false discovery rate 
(FDR) adjusted; †The P values between two groups determined by the Wilcoxon rank-sum test with FDR-adjusted.
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by lung tissue location (upper versus lower 
lobe), histology (adenocarcinoma versus squa-
mous cell carcinoma), and tumor stage (early 
versus advanced) in LC patients. 

LC lung bacterial community differed signifi-
cantly from emphysema-only group  

To better discern the relationship between bac-
terial communities from the same site but dif-
ferent individuals, we performed cluster analy-
sis using weighted UniFrac, which takes into 
account both phylogenetic relationships and 
relative abundances of taxa within each com-
munity. PCoA based on the weighted UniFrac 
distance metric revealed two distinct clusters 
(P-value < 0.001): emphysema-only patients 
and LC patients (Figure 3). These two compo-
nents explained 52.6.1% of the variance. The 
emphysema-only patient clustering was largely 
attributed to abundance differences in domi-
nant phyla, Proteobacteria, while the LC patient 
clustering was largely due to Firmicutes. The  
LC subjects exhibited higher dispersion in the 
structure of the lung microbiota than emphyse-
ma-only patients. The community structures of 
LC patients, with or without emphysema, clus-
tered together and were indistinguishable, sug-
gesting they share a similar bacterial struc- 
ture. 

Shift of Proteobacteria and Firmicutes drives 
the lung bacterial microbiome 

The most abundant five bacterial phyla observ- 
ed in the lung tissue samples were Proteobac- 
teria, Firmicutes, Actinobacteria, Bacteriodetes, 
and Verrucomicrobia (Table 2; Figures 4A and 
5A). Additionally, Fusobacteria, Cyanobacteria 
and Acidobacteria were present in much lower 
proportions. Similar to the alpha diversity, the 
relative abundance of the dominant phyla also 
varied significantly among the three groups and 
between the two groups. Patients with em- 
physema-only were characterized by a subs- 
tantially higher abundance of Proteobacteria 
(mean relative abundance 71.7%) and mark- 
edly lower prevalence of Firmicutes (12.7%) 
and Bacteroidetes (2.2%) phyla, compared to 
LC patients, with FDR-adjusted P values of 
0.00003, 0.00003 and 0.013, respectively. In 
comparison, Firmicutes was the predominant 
phylum for LC patients (43.7%); whereas Pro- 
teobacteria were the subdominant phylum in 
LC patients (24.7%). The phyla composition of 

the LC-only patients appeared to be very simi-
lar to the LC patients with emphysema (Table 
2). 

Proceeding deeper into the genus composition 
(Table 2 and Figure 4B), the Proteobacteria-
dominant communities in emphysema-only pa- 
tients were primarily driven by the member  
of Acinetobacter and Acidovorax genus (FDR-
adjusted P < 0.0001), with mean relative abun-
dances 55.5% and 8.2%, respectively. This is 
equivalent to a 9- and 20-fold increase in these 
genera, respectively, when compared to the 
relative abundances of 6.0% or 0.4% in LC 
patients with emphysema, and equivalent to a 
13 and 40-fold increase, respectively, com-
pared to relative abundances of 4.2% and  
0.2% in LC-only patients. In contrast, other 
Proteobacteria that less commonly in emphy-
sema-only patients but more abundant in LC 
patients include Aggregatibacter, Escherichia/
Shigella, Haemophilus and Neisseria.  In addi-
tion, genera more enriched in LC patients than 
in the emphysema-only group, including Pre- 
votella (Bacteroidetes), Bifidobacterium (Acti- 
nobacteria), Streptococcus (Firmicutes), Rumi- 
nococcus (Firmicutes), and Akkermansia (Ver- 
rucomicrobia).  Among all the major taxa (de- 
fined as those having mean relative abundance 
> 1% in at least one of the three groups), 37% 
were unique genera and presented in only one 
or two groups. 

Discussion 

In this pilot study we carefully analyzed non-
malignant lung parenchyma microbiota in three 
groups of smokers separated by the presence 
or absence of emphysema and/or LC. While 
there is a suggestive body of literature to sup-
port a role for microbiome in COPD [25-31, 34, 
35], to our knowledge our study is one of only a 
few studies that has explored the microbiome 
among heavy smokers with LC and/or emphy-
sema by directly sampling lung tissue, and 
using modern culture-independent 16S rRNA 
gene composition analysis. Compared to em- 
physema-only patients, LC patients harbored  
a dissimilar and distinct lung bacterial commu-
nity structure, with significantly increasing Fir- 
micutes and Bacteroidetes while decreasing 
Proteobacteria. These substantial phyla Pro- 
teobacteria-Firmicutes shifts in the abundance 
(> 2.5-fold, P < 0.001) between emphysema-
only and LC patients imply that specific bacte-
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rial populations have the potential to be selec-
tively targeted by the two different diseases. 

Our lung tissue bacterial show distinct phylum-
level distribution patterns from other body sites 
of healthy subjects in HMP [45]. The distribu-
tion of Firmicutes (mostly Ruminococcus, 
Staphylococcus, Faecalibacterium, and Strep- 
tococcus) and Proteobacteria (primarily Acine- 
tobacter) in the lung tissue in our study (Figure 
5A), was most similar to the oral cavity than 
other sites (i.e., skin, vagina, and gut; Figure 
5B). Specifically, in the HMP healthy subjects, 
Firmicutes (primarily Streptococcus) and Prote- 
obacteria (mostly Neisseria and Haemophilus) 
dominants the oral cavity; Firmicutes (primarily 
Lactobacillus) dominates the vagina; Actino- 
bacteria (mostly genera Corynebacterium and 
Propionibacterium) dominates the nasal ca- 
vity; Actinobacteria (primarily Propionibacte- 
rium) dominates the skin; Bacteroidetes and 
Firmicutes dominate the gut. Future research is 
needed to determine the extent to which these 
organisms are truly derived from the oral cavity. 
This would represent a novel approach to pre-
venting and treating conditions associated with 
LC and emphysema.

In the current study, the most prominent and 
consistent finding was the dramatically high 

prevalence of Proteobacteria (primarily driven 
by Acinetobacter) in emphysema-only patients. 
Our results are in concordance with several  
airway microbiome studies in patients with 
COPD, asthma and cystic fibrosis, that show- 
ed increased Proteobacteria (mostly Neisseria, 
Moraxella, and Haemophilus) [25, 28, 29, 31, 
35, 46-51] and suggested promote lung inflam-
mation and pathology [51]; Similar results were 
reported by Yu [22] that Proteobacteria (mostly 
Acinetobacter, Pseudomonas, and Ralstonia) is 
the dominant phyla (60%) in lung tissue of LC 
patients with or without other lung diseases 
(45% with COPD, 10% with emphysema, 15% 
with pneumonia, and 17% with bronchitis). Se- 
veral pieces of evidence support the role of 
genera Acinetobacter in emphysema patholo-
gy. Acinetobacter species are ubiquitous in 
natural environments (e.g. soil and water) and 
certain species are considered important pa- 
thogens due to their multi-drug resistance as- 
sociated with significant mortality [52-54]. Ma- 
rkedly, it has been shown that Acinetobacter 
species play an important role in disseminated 
infections, including the respiratory tract, blood 
stream, and urinary tract [52, 55]. Interestingly, 
Acinetobacter was detected as one of the 15 
major classes of bacteria metagenome of ciga-
rettes [56]. Further detailed investigations of 

Figure 4. Relative abundance of bacterial genera in the lung communities among the three groups. A. Phylum level; 
B. Genus level. The colors represent the mean relative abundance (0 to 1, blue to red) of each genus among three 
groups: emphysema-only (n = 10, red squares), LC-only (n = 11, blue squares), and both LC and emphysema (n = 
19, green squares). The asterisks indicates significantly different taxa.
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Acinetobacter in emphysema patients will be 
required. 

Another remarkable finding was the higher 
abundance of genera, Streptococcus (Firmicu- 
tes), Prevotella (Bacteroidetes), Bifidobacterium 
(Actinobacteria), and Escherichia/Shigella and 
Haemophilus (Proteobacteria) in LC patients 
than the emphysema-only patients. These find-
ings are consistent with recent studies, where 
the abundance of Streptococcus and Prevotella 
are increased in the gut microbiome of patients 
with colorectal cancer [57, 58] and decreased 
in the BAL of asthmatics or COPD patients [28, 
49]. While Streptococcus is a proinflammatory 
bacterium, Bifidobacterium is an anti-inflam-
matory genus and was commonly used as a 

the same lung, dependent on the location of 
the tissue sampling [25], which reflects differ-
ent habitats in different areas of the lung and 
possibly localized loci of inflammation that 
influence the constituents of the surrounding 
microbiota. 

The main strength of this study is the use of 
surgically excised tissue from a decent number 
of LC and/or emphysema patients with well-
characterized and phenotyped lung function 
data. The direct sampling of lung tissue in a 
single center provides a more specific charac-
terization of microbiota than other sampling 
methods. Also, the uniform processing of all 
lung tissue specimens and exclusion of a num-
ber of confounding conditions (e.g. asthma, 

Figure 5. Bacterial distribution patterns in lung tissue and other body sites. 
A. Phylum-level bacteria in lung tissue among three groups; B. Phylum- and 
genus-level bacteria in healthy human subjects body sites from HMP (cited 
from [45]). The proportions of the mean relative abundance of each genus 
are shown.

vector for anticancer genes in 
cancer gene therapy [59]. 

The contribution of the lung 
microbiome to LC is clearly 
understudied, in particular, in 
the lung tissue. To date, only 
one LC study have explored 
the role of the microbiota used 
the lung tissue samples [22] 
and others have used saliva or 
buccal specimens as surro-
gates of the lung [23, 24]. 
Similarly, most of these pre- 
vious studies in COPD, cystic 
fibrosis, and asthma have also 
relied on indirect methods to 
sample the lung, using the air-
ways specimens such as BAL 
fluid [14, 25-28] and sputum 
[26, 29, 30]. Only a few COPD 
studies have studied surgical-
ly acquired lung tissue sam-
ples at lung transplantation 
[25, 34, 35] and shown micro-
bial communities differed sig-
nificantly between BAL fluids 
and lung tissue in relative ab- 
undance [60], indicating that 
analyses of airway specimens 
may not provide a true repre-
sentation of the lung microbio-
ta due to contamination by the 
upper respiratory tract or oral 
microbiota [8]. Further, it has 
been demonstrated that there 
are geographical variations of 
bacterial composition within 
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atopy, immune suppression, airway infection, 
antibiotics, or systemic steroids drugs use six 
weeks prior to sample collection) provided a 
unique group without large intra-group va- 
riations. Other strengths include nonculture-
dependent sequencing-based microbiome as- 
sessment, which provided a comprehensive 
survey of the human lung microbiome. However, 
there are limitations of our study. The major 
limitation is the lack of validation set but these 
lung tissue specimens are difficult to obtain. 
Another limitation is the spirometry-based lung 
function (such as frequency of exacerbations or 
severity of airflow obstruction) were not evenly 
distributed between the emphysema-only and 
LC patients, this may confound the microbiota 
composition variance. In addition, given the 
increased sensitivity of newer molecular tools 
for microbiota profiling, potential contamina-
tion may introduced from specimen process-
ing, laboratory reagents and sequencing. 

In summary, our microbial 16S rRNA gene se- 
quencing revealed significant differences of 
lung microbiome composition and patterns 
between LC and emphysema patients, in par-
ticular, the fundamental shift from microaero-
philic Proteobacteria towards many of the  
obligate anaerobic Firmicutes species, from 
emphysema-only patients to LC patients. How- 
ever, whether this bacterial dysbiosis is attrib-
uted to disease causation or is a consequence 
of host selection remains unclear. Future longi-
tudinal studies, with larger sample sizes and 
control groups, using a metagenomic sequenc-
ing techniques will help to define the whole lung 
microbial community and advance our knowl-
edge of the pathogenesis of LC and emphyse-
ma. If our preliminary findings are confirmed, 
the Proteobacteria (particularly genera Aci- 
netobacter) could become novel microbial sc- 
reening biomarkers to distinguish smokers at 
low- and high-risk for both diseases, or to serve 
as a novel target for therapeutic intervention. 
Ultimately, manipulation of the lung microbiota 
together with use of immune modulators such 
as inhaled TLR4 antagonists may prevent and 
treat LC and emphysema. 
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