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Abstract
Rationale The lung microbiome is an inflammatory stimulus whose role in the development of lung malignancies 
is incompletely understood. We hypothesized that the lung microbiome associates with multiple clinical factors, 
including the presence of a lung malignancy.

Objectives To assess associations between the upper and lower airway microbiome and multiple clinical factors 
including lung malignancy.

Methods We conducted a prospective cohort study of upper and lower airway microbiome samples from 44 
subjects undergoing lung lobectomy for suspected or confirmed lung cancer. Subjects provided oral (2), induced 
sputum, nasopharyngeal, bronchial, and lung tissue (3) samples. Pathologic diagnosis, age, tobacco use, dental care 
history, lung function, and inhaled corticosteroid use were associated with upper and lower airway microbiome 
findings.

Measurements and Main Results Older age was associated with greater Simpson diversity in the oral and 
nasopharyngeal sites (p = 0.022 and p = 0.019, respectively). Current tobacco use was associated with greater lung and 
bronchus Simpson diversity (p < 0.0001). Self-reported last profession dental cleaning more than 6 months prior (vs. 
6 or fewer months prior) was associated with lower lung and bronchus Simpson diversity (p < 0.0001). Diagnosis of a 
lung adenocarcinoma (vs. other pathologic findings) was associated with lower bronchus and lung Simpson diversity 
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Introduction
Historically, the healthy lung was thought to be free 
of bacteria. The advent of next-generation sequencing 
techniques enabled the detailed description of lung-
resident bacteria, which enter the lung by microaspira-
tion, mucosal dispersion, inhalation, or hematogenous 
spread. Lung-resident bacteria may expand their 
population via reproduction, or be removed by cili-
ary action, expectoration, or the immune system. Both 
the adapted island model of biogeography and the 
neutral theory of community ecology have been used 
to model the relationship between the lung microbi-
ome and its predominant source, the oral microbiome 
[1–4]. Regardless of the relative merits of each model, 
lung-resident bacteria may provoke an inflammatory 
response that influences lung health acutely (e.g., bac-
terial pneumonia, acute exacerbation of COPD) and 
chronically (e.g., progression of COPD [5–8]). Due 
to the similarities between the lung microbiome and 
its source (the oral microbiome), as well as the much 
lower biomass of the lung microbiome in comparison 
to the oral microbiome, great care must be taken to 
avoid upper airway contamination of lung microbiome 
samples during sampling procedures.

The lung microbiome is a key correlate of chronic 
inflammatory lung disorders, whose characteris-
tics may modulate the local immune tone and affect 
disease outcomes [9–12]. The lung microbiome of 
inflammatory disorders such as chronic obstructive 
pulmonary disease (COPD) has received considerable 
study over recent years; however we know less about 
the lung microbiome in lung malignancy [13]. Select 
microbes have been implicated in lung cancer devel-
opment (e.g., M. tuberculosis [14]), but there is little 
consensus on how the lung microbiome—the entire 
community of organisms found in the lung or lower 
airways—may influence lung cancer development 
[15–22]. Many of the microbiome characteristics that 
correlate with lung malignancy are also correlates of 

co-morbid lung diseases such as COPD—raising con-
cern that any changes identified in these studies are 
not the result of lung malignancy alone.

We hypothesized that the lung microbiome cor-
relates with multiple clinical factors, including the 
presence of a lung malignancy. We undertook the pres-
ent prospective cohort study of surgically obtained 
lung tissue samples from subjects undergoing lung 
lobectomy for suspected or confirmed lung cancer to 
accomplish two goals: evaluate for malignancy-associ-
ated microbiome features and evaluate for other clini-
cal factors (i.e., COPD, tobacco use, oral care habits) 
associated with lung microbiome features. Our sur-
gically obtained low biomass lung samples were not 
passed through a bronchoscope or the high biomass 
upper airway. This minimized potential contamination 
of our lung samples by DNA from the bronchoscope 
or the upper airway and permitted detailed analyses of 
correlations between multiple clinical factors and the 
characteristics of the lung microbiome.

Methods
Study design and recruitment
We conducted a prospective observational study of 
patients undergoing lung lobectomy at the Minne-
apolis VA Medical Center (MVAMC) for suspected 
or confirmed lung cancer. To decrease the influence 
of medications on our findings, we excluded subjects 
who had used antibiotics or systemic corticosteroids in 
the prior 1 month. The protocol was approved by the 
Minneapolis VA IRB (#4348-B) and in accordance of 
the Declaration of Helsinki. Additional details on the 
methods employed are provided in the supplementary 
information. Some of these findings have been pre-
sented previously in the form of an abstract [23].

Sample collection procedures
The day before surgery, we collected the first oral wash 
sample and an induced sputum sample. The morning 

(p = 0.024). Last professional dental cleaning, dichotomized as ≤ 6 months vs. >6 months prior, was associated with 
clustering among lung samples (p = 0.027, R2 = 0.016). Current tobacco use was associated with greater abundance 
of pulmonary pathogens Mycoplasmoides and Haemophilus in lower airway samples. Self-reported professional 
dental cleaning ≤ 6 months prior (vs. >6 months prior) was associated with greater bronchial Actinomyces and lung 
Streptococcus abundance. Lung adenocarcinoma (vs. no lung adenocarcinoma) was associated with lower Lawsonella 
abundance in lung samples. Inhaled corticosteroid use was associated with greater abundance of Haemophilus 
among oral samples and greater Staphylococcus among lung samples.

Conclusions Current tobacco use, recent dental cleaning, and a diagnosis of adenocarcinoma are associated with 
lung and bronchial microbiome α-diversity, composition (β-diversity), and the abundance of several respiratory 
pathogens. These findings suggest that modifiable habits (tobacco use and dental care) may influence the lower 
airway microbiome. Larger controlled studies to investigate these potential associations are warranted.
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of surgery, we collected the second oral wash sample. 
In the operating room we collected samples from the 
resected lobe, taking care to avoid the lung tumor 
and sample the adjacent healthy-appearing lung tis-
sue. Three separate samples were obtained from the 
lung parenchyma by cutting open the distal lung tis-
sue and vigorously swabbing the alveolar air spaces 
for 30  s. Bronchial samples were obtained from the 
main bronchial airway supplying the removed lobe 
using a nylon-flocked swab (Copan Diagnostics, Mur-
rieta, CA). Nasopharyngeal samples were obtained by 
swabbing the nasopharynx for 15  s. Negative control 
samples consisted of unused sterile water or unused 
swabs which were processed concurrently with subject 
samples.

Sample processing, 16 S rRNA gene quantification, and 
MiSeq sequencing and processing
All samples and negative controls were extracted 
using the MO BIO PowerSoil DNA Isolation Kit (QIA-
GEN, Germantown, MD). Extracted DNA from each 
sample was submitted to the University of Minnesota 

Genomics Center for 16  S rRNA gene quantification 
using droplet digital PCR (ddPCR) and 16  S rRNA 
gene V4 MiSeq sequencing. 16 S rRNA V4 sequences 
were processed and analyzed as described in the 
supplementary information. Additional information 
on subject samples, negative controls, 16  S rRNA 
V4 sequencing and processing is available in the 
Supplementary Materials. Contaminant taxa were 
removed from the dataset as described in the supple-
mentary information before further analysis (Figure 
S1 and S2). Data are publicly available at NCBI SRA 
(PRJNA1006673).

Statistical analyses
All analyses were conducted in R version 3.6.0. Lin-
ear regression (LR) was used for analyses with inde-
pendent data points. Analyses incorporating repeated 
measures from the same site or subject employed 
generalized estimating equation (GEE) with an inde-
pendence correlation structure. GEE models utilized 
indicators for sample type followed by a post-hoc 
analyses to compare all levels of sample type, followed 

Table 1 Subject baseline characteristics
Non-COPD
(N = 8)

COPD
(N = 36)

Overall
(N = 44)

p value*

Gender, Male (%) 8 (100) 34 (94.4) 42 (95.5) 1.00
Age, median (IQR) 68.5 (6) 67 (9) 67 (9) 0.953
Race, Caucasian white (%) 7 (87.5) 34 (94.4) 41 (93.2) 0.461
Diabetes, Yes (%) 1 (12.5) 3 (8.3) 4 (9.1) 0.566
Gastroesophageal reflux disease, Yes (%) 4 (50) 17 (47.2) 21 (47.7) 1.00
COPD Severity (%)
 Mild 0 (0) 20 (55.6)
 Moderate 0 (0) 14 (38.9)
 Severe 0 (0) 2 (5.6)
FEV1% predicted, median (IQR) 91.65 (25.45) 80.25 (20.75) 82 (20.25) 0.038
Inhaled corticosteroids, Yes (%) 0 (0) 2 (5.6) 2 (4.5) 1.00
Pack-years of smoking, median (IQR)a 25 (35.5) 49.5 (21.25) 46.5 (30) 0.018
Current tobacco use, Yes (%) 1 (12.5) 4 (11.1) 5 (11.4) 1.00
Current alcohol use, Yes (%) 2 (25) 24 (66.7) 26 (59.1) 0.048
Last dental visit ≤ to 6 months (%)b 3 (42.9) 12 (44.4) 15 (44.1) 1.00
Oral steroid or antibiotic use in last 2 months, Yes (%) 0 (0) 0 (0) 0 (0)
Adenocarcinoma, Yes (%)c 5 (62.5) 21 (58.3) 26 (59.1) 1.00
Squamous cell carcinoma, Yes (%)c 1 (12.5) 9 (25) 10 (22.7) 0.659
Large cell neuroendocrine tumor, Yes (%) 0 (0) 2 (5.6) 2 (4.5) 1.00
Metastatic colorectal adenocarcinoma, Yes (%) 1 (12.5) 0 (0) 1 (2.3) 0.182
Unidentified carcinoma, Yes (%) 0 (0) 1 (2.8) 1 (2.3) 1.00
No evidence of malignancy, Yes (%) 1 (12.5) 2 (5.6) 3 (6.8) 0.461
No pathologic diagnosis, Yes (%) 0 (0) 2 (5.6) 2 (4.5) 1.00
Frequencies and percentages are presented unless specified otherwise. COPD, chronic obstructive pulmonary disease; FEV1% predicted, forced expiratory volume 
in 1 s, percent of predicted value; IQR, interquartile range.
*A Two-Sample t test was conducted for all continuous variables and a Fisher exact test for all categorical variables.
aOne subject was a never-smoker, all others reported current or former tobacco use.
bTen subjects did not provide dental visit information because they were edentulous
cOne subject had 2 independent adenocarcinomas. One subject had 3 tumors (2 adenocarcinomas and 1 squamous cell carcinoma)
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by implementation of adjusted p values based on the 
joint normal or t distribution of the linear function. 
PERMANOVA analyses of β-diversity were performed 
for each site individually. Taxonomic associations were 
determined independently for each combination of the 
6 clinical characteristics and 5 sample sites. For each 
sample site (oral wash, nasopharynx, sputum, lung, 
and bronchus) only genera present in at least 10% of 
samples at that site were included (oral wash 70 gen-
era, sputum 74 genera, nasopharynx 50 genera, bron-
chus 29 genera, and lung 20 genera). P-values were 
adjusted using the Holm method.

Results
Study subjects
Among subjects undergoing lung lobectomy for sus-
pected or confirmed lung cancer at the Minneapolis 

VA Medical Center (MVAMC) and who reported no 
use of systemic antibiotics or systemic corticosteroids 
in the prior 1 month, 44 consented to study participa-
tion (Table 1). Consistent with the VA patient popula-
tion, most subjects were male. Thirty-six of 44 (81.8%) 
met spirometric criteria for COPD, and over half (20, 
55.6%) of those with COPD had mild obstruction. Few 
of those with COPD (2, 5.6%) were using inhaled cor-
ticosteroids (ICS). Subjects with COPD (vs. without 
COPD) reported a greater number of pack-years of 
tobacco exposure (49.5 vs. 25) and were more likely to 
report current alcohol use (66.7% vs. 25%). Most sub-
jects were found to have lung adenocarcinoma (26, 
59.1%), although 2 subjects had more than one lung 
malignancy and 3 subjects did not have a malignancy. 
Additionally, in 2 subjects a pathologic diagnosis was 
not available.

Fig. 1 Upper and lower airway biomass. Horizontal lines represent the median value in each group, while the top and bottom of the boxes represent the 
75th and 25th percentile values, respectively. Both negative control sample types had significantly lower biomass than all patient sample types (GEE, all 
p < 0.001). The lowest biomass samples (lung, bronchus) had lower biomass than all other subject sample types (GEE, all p < 0.001). The highest biomass 
samples (oral wash, sputum) had higher biomass than all other subject samples (GEE, all p < 0.001). Lung and bronchus samples were not significantly 
different from each other, and oral washes and sputum samples were not significantly different from each other
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Microbiome biomass
All subject samples and negative controls under-
went biomass quantification with droplet digital PCR 
(ddPCR) prior to microbiome sequencing. Both nega-
tive control sample types had significantly less biomass 
than all subject sample types (generalized estimat-
ing equations [GEE] model with single-step adjust-
ment, p < 0.001; Table S1, Fig.  1). Lung and bronchus 
samples had lower biomass than nasopharyngeal, oral 
wash, and sputum samples (GEE, all p < 0.001). Oral 
wash and sputum samples had higher biomass than 
lung, bronchus, and nasopharyngeal samples (GEE, all 
p < 0.001). Nasopharyngeal sample biomass was sig-
nificantly different from the other sample types (GEE, 
p < 0.001).

Alpha diversity
α-diversity statistics (Simpson diversity, Shannon 
diversity, and Chao1 diversity) were calculated for all 
samples and illustrated by sample type. Simpson diver-
sity findings were generally consistent across the other 

α-diversity metrics and are presented here. Oral wash 
and sputum samples are significantly more diverse 
than bronchus and lung samples (GEE, p < 0.0001; 
Fig.  2). Bronchus, lung, and nasopharyngeal sample 
Simpson diversity are not significantly different from 
each other. Shannon diversity findings are similar to 
Simpson diversity findings, however Chao1 diversity 
findings demonstrate that nasopharyngeal samples are 
similar in richness to oral wash and sputum samples, 
which all have greater richness than bronchus and 
lung samples (Figure S3). Bronchus Simpson diver-
sity associates with within-subject oral wash and spu-
tum Simpson diversity, but not within-subject lung or 
nasopharyngeal diversity (GEE, Table S2).

We also investigated whether 6 relevant clinical 
characteristics were associated with α-diversity at any 
of the 5 anatomic sites. Older age was associated with 
greater Simpson diversity in the oral and nasopharyn-
geal sites (GEE, Coefficient Estimate [CE] 0.0022, 95% 
Confidence Interval [CI, 0.00024, 0.0042], p = 0.022; 
and LR, CE 0.016, 95% CI [0.0032, 0.029], p = 0.019, 

Fig. 2 Oral wash and sputum samples have greater Simpson diversity than lung, bronchus, and nasopharyngeal samples. Simpson diversity was de-
termined for each sample and illustrated by sample site. Horizontal bars represent the median value for each sample while the top and bottom of the 
boxes represent the 75th and 25th percentile values, respectively. Oral wash and sputum samples are significantly more diverse than lung, bronchus, and 
nasopharyngeal samples (GEE, p < 0.0001)
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Fig. 3 (See legend on next page.)
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respectively; Fig.  3a and b). Current tobacco use was 
associated with greater lung and bronchus Simpson 
diversity (GEE, CE 0.22, 95% CI [0.17, 0.28], p < 0.0001, 
Fig. 3c), but not diversity at other sites.

Dental care habits were also associated with Simp-
son diversity in lower airway samples. Ten of the 44 
subjects were edentulous and therefore not included 
in this analysis (Figure S4). Among the 34 remain-
ing subjects, 15 reported that their last professional 
dental cleaning was within the prior 6 months, while 
19 reported that their last professional dental clean-
ing was more than 6 months prior. Self-reported last 
profession dental cleaning more than 6 months prior 
was associated with lower lung and bronchus Simpson 
diversity (GEE, CE 0.21, 95% CI [0.12, 0.29], p < 0.0001, 
Fig.  3d). A pathologic diagnosis of lung adenocarci-
noma was made in 26 (59.1%) of subjects, while the 
remaining subjects were diagnosed with other malig-
nancies (13, 29.5%) or non-malignant findings (5, 
11.4%). Presence of a lung adenocarcinoma (vs. other 
pathologic findings) was associated with lower bron-
chus and lung Simpson diversity (GEE, CE -0.11, 95% 
CI [-0.21, -0.015], p = 0.024, Fig.  3e). Unless men-
tioned above, tests of association between site-specific 
Simpson diversity and these 6 clinical characteristics 
(including FEV1pp, ICS use, and pack-years of tobacco 
use) were not significant.

Beta diversity
β-diversity was assessed using Bray-Curtis dissimilar-
ity and illustrated with principal coordinates analysis 
(PCoA; Fig.  4). Coordinate 1, representing 16.6% of 
the variance within the dataset, separates nasopharyn-
geal, lung and bronchus samples from oral wash and 
sputum samples. Coordinate 2, representing 6% of the 
variance, separates nasopharyngeal samples from the 
other sample types. β-diversity was also illustrated 
using weighted UniFrac, with similar separation by 
anatomic site (Figure S5).

PERMANOVA analyses
After separating samples based on site, correlations 
between clinical characteristics and β-diversity were 
assessed with PERMANOVA analyses utilizing Bray-
Curtis dissimilarity. Last professional dental cleaning, 

dichotomized as within the last 6 months vs. more 
than 6 months prior, was associated with clustering 
among lung samples (p = 0.027, R2 = 0.016; Fig. 5). Sev-
eral other clinical characteristics resulted in p-values 
between 0.05 and 0.10, which did not reach statistical 
significance (Figure S6). FEV1pp, ICS use, and cur-
rent tobacco use were not associated with microbiome 
composition in our dataset. PERMANOVA analyses 
utilizing the weighted UniFrac matrix yielded very 
similar results (Table S3).

Bacterial taxa
We investigated correlations between relevant clini-
cal factors and taxonomic composition. Increasing age 
was associated with greater abundance of 3 oral taxa 
(Table  2). Current tobacco use was associated with 
changes in abundance of multiple oral and lung taxa, 
including greater abundance of pulmonary pathogens 
Mycoplasmoides and Haemophilus in lower airway 
samples (Table  3). Self-reported recent professional 
dental cleaning (within the last 6 months) was asso-
ciated with greater bronchial Actinomyces and lung 
Streptococcus abundance, compared with less recent 
professional dental cleaning (more than 6 months ago; 
Table  4). A diagnosis of lung adenocarcinoma (vs. no 
diagnosis of lung adenocarcinoma) was associated 
with lower Lawsonella abundance in lung samples 
(Table 5). The use of ICS was associated with changes 
in taxa abundance in the oral, lung, nasopharyngeal, 
and sputum microbiome. Notably, these included 
greater abundance of Haemophilus among oral sam-
ples, greater Staphylococcus among lung samples, and 
lower Fusobacterium, Gemella, and Acinetobacter 
among lung samples (Table 6). Finally, greater FEV1pp 
was associated with lower Escherichia/Shigella abun-
dance in the lung microbiome (Table 7).

Discussion
Our prospective observational study of the upper and 
lower airway microbiome of subjects undergoing lung 
lobectomy for suspected or confirmed lung cancer 
identified tobacco use, dental care habits, and lung 
histopathology as clinical correlates of the lower air-
way microbiome. Utilizing lung lobectomy specimens 
to study the lower airway microbiome minimized 

(See figure on previous page.)
Fig. 3 Clinical characteristics are associated with upper and lower airway Simpson diversity. A.. Older age is associated with greater oral wash Simpson 
diversity. Oral wash 1 and oral wash 2 are illustrated by shape, and the regression lines represent the association between older age and greater Simpson 
diversity (GEE, CE 0.0022, 95% CI [0.00024, 0.0042], p = 0.022). B. Older age is associated with greater nasopharyngeal Simpson diversity. The regression 
line represents the association between older age and greater Simpson diversity (LR, CE 0.016, 95% CI [0.0032, 0.029], p = 0.019). C. Current tobacco use is 
associated with greater lung and bronchus Simpson diversity (GEE, CE 0.22, 95% CI [0.17, 0.28], p < 0.0001). D. Last professional dental cleaning more than 
6 months prior to surgery (vs. within the last 6 months) was associated with lower lung and bronchus Simpson diversity (GEE, CE 0.21, 95% CI [0.12, 0.29], 
p < 0.0001). Edentulous subjects were excluded from this analysis. Data were dichotomized at the 6 month timepoint for the GEE analysis, however three 
timepoints (within the last 6 months, 6–12 months ago, and more than 1 year ago) are presented here for illustrative purposes. E. Lung adenocarcinoma 
(vs. other pathologic finding) was associated with lower lung and bronchus Simpson diversity (GEE, CE -0.11, 95% CI [-0.21, -0.015], p = 0.024)
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potential upper airway contamination of our low bio-
mass lung and bronchial samples. This, coupled with 
our use of touchdown PCR and inclusion of multiple 
negative control samples, allowed us to examine clini-
cal correlates of the lower airway microbiome.

In contrast to several of our previous studies [8, 24, 
25], we did not detect many clinical correlates of the 
upper airway microbiome (oral, nasopharyngeal, or 
sputum), perhaps because the current study popula-
tion had milder obstruction compared with prior study 
populations (current study median FEV1pp 82% vs. 
prior work median FEV1pp 48% [8]). This study identi-
fied age, tobacco use, and ICS use as being associated 
with α-diversity (age alone) and taxonomic abundance 
(all 3 factors) of the oral—but not sputum—microbi-
ome. Certainly, tobacco and ICS can be deposited onto 
the oral mucosa and may directly influence the oral 
microbiome. However, the finding that increasing age 
is associated with greater oral microbiome α-diversity 
is unexpected. Our previous studies and the literature 
revealed a relationship between increasing age and 
lower sputum α-diversity [8, 26, 27]. There are several 

explanations for this potential discrepancy. The pres-
ence of a malignancy or the milder airway obstruction 
may have influenced our age-related findings. Previ-
ous studies of the sputum microbiome recruited sub-
jects of similar age to our present subjects (mean or 
median age in the late 60’s), however the other studies 
recruited patients with more severe COPD. Subjects 
in this study had a median FEV1pp of 82% (IQR 20%), 
few subjects using ICS (2, 4.5%), and very few subjects 
who meet criteria for the “frequent exacerbator” phe-
notype. In contrast, other studies addressing correla-
tions between age and the upper airway microbiome 
studied subjects with more severe airflow obstruction 
(FEV1pp median 48%, IQR 19%), more use of ICS, and 
specifically recruited the subjects with the more severe 
“frequent exacerbator” phenotype. It is possible that 
age is a marker of increased exposure to antibiotics 
among those at high risk of COPD exacerbations, and 
cumulative antibiotic use is responsible for lowering 
α-diversity. Additionally, the presence of a malignancy 
may influence our age-related findings. Alternatively, 
the associations between age and α-diversity noted 

Fig. 4 Principal coordinate analysis (PCoA) illustrates sample clustering by sampling site. All subject samples were assessed by Bray-Curtis dissimilarity 
and illustrated by PCoA of Coordinate 1 (16.6% of variance) and Coordinate 2 (6% of variance). Lung and bronchus samples are similar to each other, and 
cluster separately from the nasopharyngeal samples and the oral wash and sputum samples. Oral wash and sputum samples cluster with each other, 
separate from the other samples
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here and in the above-mentioned studies may dif-
fer based on other markers of COPD severity (e.g., 
FEV1pp). Additional studies powered to simultane-
ously model age, FEV1pp, exacerbation phenotype, 
and historic antibiotic use may be needed to further 
address this issue.

We found that current tobacco use among a small 
number of subjects was associated with lower airway 
microbiome features, namely greater Simpson diver-
sity and greater abundance of Mycoplasma and Hae-
mophilus (two well-known respiratory pathogens) in 

Table 2 Taxa whose frequency was associated with age
Anatomic Site Genera Coefficient Adjusted p value
Oral Wash Megasphaera 0.1571 0.003
Oral Wash Lautropia 0.1580 0.002
Oral Wash Neisseria 0.2290 0.001

Table 3 Taxa whose frequency was associated with current 
tobacco use
Anatomic Site Genera Coefficient Adjusted p value
Oral Wash Bifidobacterium -1.1686 < 0.0001
Oral Wash Metaprevotella -0.5907 0.048
Oral Wash Zea -0.4620 0.024
Oral Wash Butyrivibrio -0.3385 0.047
Oral Wash Amniculibacterium 0.8398 0.025
Bronchus Mycoplasmoides 2.6882 0.021
Lung Granulicatella -0.7183 0.01
Lung Haemophilus 1.6866 < 0.0001
Lung Prevotella 2.0149 0.03

Table 4 Taxa whose frequency was associated with self-reported 
professional dental cleaning (≤ 6 months vs. >6 months)
Anatomic Site Genera Coefficient Adjusted p value
Bronchus Actinomyces 2.5723 0.028
Lung Streptococcus 2.4435 0.007

Table 5 Taxa whose frequency was associated with 
adenocarcinoma
Anatomic Site Genera Coefficient Adjusted p value
Lung Lawsonella -2.2712 0.009

Fig. 5 Principal coordinate analysis (PCoA) illustrates lung sample clustering by self-reported last professional dental cleaning. All lung samples were 
assessed by Bray-Curtis dissimilarity and illustrated by PCoA of Coordinate 1 (8.1% of variance) and Coordinate 2 (7.2% of variance). Samples were dichoto-
mized by self-reported last dental cleaning (within the last 6 months vs. more than 6 months ago) for analysis, although samples are labeled here with 
additional detail. Self-reported last professional dental cleaning was associated with lung microbiome composition (p = 0.027, R2 = 0.016)
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the lung and bronchial samples. Several prior studies 
of the lung microbiome of current tobacco users vs. 
non-users did not identify changes in α-diversity or 
taxonomic composition that correlated with tobacco 
use [3, 28]. However, one recent study identified a 
dose-dependent correlation between tobacco expo-
sure and relative abundance of several members of the 
phylum Proteobacteria (which includes Haemophilus) 
in the lung microbiome [29]. Unlike prior studies, the 
majority of our subjects had a malignancy, which may 
have influenced our findings. In a mouse model of 
tobacco-associated lung adenocarcinoma, lung micro-
biome α-diversity did not change following exposure 
to tobacco. However, lung microbiome α-diversity 
increased following tobacco exposure among mice 
unable to express the bacterial growth inhibitor lipo-
calin 2, a component of the innate immune system 
that is protective against lung adenocarcinoma. Fur-
ther studies are needed to determine if increased 

α-diversity has a mechanistic role in the development 
of lung adenocarcinoma.

Self-reported recent professional dental cleaning was 
also associated with multiple changes in the lung or 
bronchial microbiome, including greater α-diversity, 
shifts in community composition (β-diversity), and 
increases in Actinomyces and Streptococcus abundance. 
There is much interest in the influence that oral health 
and the oral microbiome have on lung health, particu-
larly in the context of COPD [30, 31]. The presence of 
an oral disease may influence the type or number of 
bacteria aspirated from the oral cavity, the inflamma-
tory cells or proteins aspirated from the oral cavity, or 
provoke systemic inflammation which subsequently 
worsens respiratory health [32]. While dental clean-
ing itself did not appreciably change the dental plaque 
microbiome, a recent randomized controlled trial 
demonstrated that professional dental cleaning every 6 
months decreases COPD exacerbation frequency [31]. 
It is possible that professional dental cleaning modi-
fies the lung microbiome without significant change to 
the oral microbiome, possibly by decreasing microbial 
biomass resulting in fewer inflammatory mediators 
that are aspirated from the oral cavity. Alternatively, 
in our study, recent dental cleaning may be a surrogate 
marker of higher income or better access to medical 
care [33], which may influence the microbiome.

The diagnosis of lung adenocarcinoma (vs. other 
malignant or non-malignant findings) was associated 
with lower lung and bronchial α-diversity. This find-
ing is consistent with several human and mouse stud-
ies of the lung cancer microbiome, which show that 
lung adenocarcinoma is associated with lower lung 
microbiome diversity compared to either healthy lung 
tissue or squamous cell lung cancer [34–36]. Animal 
studies support the idea that loss of lung microbiome 
α-diversity and/or lung microbiome dysbiosis plays a 
role in lung inflammation and tumorigenesis by acti-
vating γδ T cells and IL-17 production [21, 35].

Although we did not identify associations between 
ICS use and α- or β-diversity, we identified more taxo-
nomic changes associated with ICS use than any other 
clinical factor in our study. ICS are deposited onto the 
oropharynx and airways, where they decrease inflam-
matory cytokines and other host defense proteins. 
These effects lead to microbial dysbiosis (changes in 
β-diversity) and are likely responsible for the increased 
risk of pneumonia among those using ICS [37]. Con-
sistent with prior studies [38, 39], we identified an 
association between ICS use and greater abundance of 
the respiratory pathogens Haemophilus and Staphylo-
coccus among oral and lung samples, respectively, as 
well as a lesser abundance of Fusobacteria, Gemella, 
and Acinetobacter in lung samples.

Table 6 Taxa whose frequency was associated with ICS use
Anatomic Site Genera Coefficient Adjusted p value
Oral Wash Neisseria -2.3569 < 0.0001
Oral Wash Amniculibacterium -2.3309 < 0.0001
Oral Wash Centipeda -2.2185 < 0.0001
Oral Wash Oribacterium -2.1467 0.016
Oral Wash Mogibacterium -1.6824 < 0.0001
Oral Wash Lautropia -1.4135 < 0.0001
Oral Wash Campylobacter -1.4025 < 0.0001
Oral Wash Actinobacillus -1.2966 0.035
Oral Wash Catonella -1.1469 < 0.0001
Oral Wash Moryella -0.9571 0.0009
Oral Wash Cardiobacterium -0.8282 < 0.0001
Oral Wash Schwartzia -0.7803 < 0.0001
Oral Wash Peptostreptococcus -0.7727 0.0002
Oral Wash Alloscardovia -0.7287 0.0006
Oral Wash Filifactor -0.6678 0.008
Oral Wash Solobacterium -0.6282 < 0.0001
Oral Wash Abiotrophia -0.6060 0.006
Oral Wash Zea -0.4380 0.019
Oral Wash Butyrivibrio -0.3209 0.037
Oral Wash Haemophilus 1.7478 < 0.0001
Lung Fusobacterium -0.8819 0.0006
Lung Gemella -0.5366 0.012
Lung Acinetobacter -0.4807 0.022
Lung Staphylococcus 2.3731 < 0.0001
Nasopharyngeal Corynebacterium -3.9565 0.003
Sputum Phocaeicola 4.4411 < 0.0001

Table 7 Taxa whose frequency was associated with greater 
FEV1pp.
Anatomic 
Site

Genera Coefficient Adjusted p value

Lung Escherichia.Shigella -0.0464 0.018
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Our study had several strengths as well as relative 
weaknesses. We were able to obtain bronchial and lung 
parenchymal samples from fresh lung lobectomy tis-
sue, without passing these low biomass lung samples 
through the bacteria-rich upper airways. Combined 
with our use of multiple negative control samples, 
removal of potential contaminant taxa from the data-
set, and touchdown PCR, we have been able to identify 
lower airway microbiome correlates of multiple rele-
vant clinical factors, including lung malignancy. Addi-
tionally, our study design permitted the collection of 
healthy-appearing lung tissue from subjects with near-
normal spirometry or mild COPD. The lung tissue 
microbiome of mild COPD is understudied as there 
are few surgical indications for lung resection among 
these patients. Unfortunately, we may have been 
underpowered for assessment of uncommon clinical 
factors in our dataset (ICS use, non-malignant patho-
logic findings). Additionally, tobacco use and dental 
visit history were assessed via self-report.

In conclusion, we assessed the upper and lower 
airway microbiome of subjects with relatively mild 
obstruction undergoing lung lobectomy for suspected 
or confirmed lung cancer. In our small study, we deter-
mined that current tobacco use, recent dental clean-
ing, and a diagnosis of adenocarcinoma are associated 
with lung and bronchial microbiome α-diversity, com-
position (β-diversity), and the abundance of several 
respiratory pathogens. Although these observational 
data cannot determine the cause of these microbiome 
findings, they are among the first findings to suggest 
that modifiable habits (tobacco use and dental care 
habits) may influence the lower airway microbiome. 
Larger controlled studies to investigate these potential 
associations are warranted.
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