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The lung microbiome in end-stage 
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Abstract 

Lymphangioleiomyomatosis (LAM) is a progressive cystic lung disease with mortality driven primarily by respiratory 
failure. Patients with LAM frequently have respiratory infections, suggestive of a dysregulated microbiome. Here we 
demonstrate that end‑stage LAM patients have a distinct microbiome signature compared to patients with end‑stage 
chronic obstructive pulmonary disease.
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Main text
Lymphangioleiomyomatosis (LAM) is a progressive 
cystic lung disease primarily affecting young women. 
It can occur sporadically or in association with tuber-
ous sclerosis complex (TSC), and is characterized by 
cells with mutations in the TSC1 or TSC2 genes lead-
ing to hyperactivation of mechanistic target of rapamy-
cin (mTOR) signaling [1]. Data from the National Heart, 
Lung, and Blood Institute (NHLBI) National LAM Reg-
istry demonstrate that menopausal status and baseline 
pulmonary disease severity were the most predictive 
risk factors for progression to death or transplantation 
[2]. While mortality in LAM patients is clearly driven 
primarily by respiratory failure, there remains limited 
phenotypic or biological markers that correlate with pul-
monary function decline or disease progression.

Patients with LAM have a high burden of respiratory 
infections. In a meta-analysis of 11 studies, the incidence 
rate of respiratory infections was 43.4 and 58.8 per 100 

patients-years in LAM patients receiving mTOR inhibi-
tors or placebo, respectively, with an incidence-rate ratio 
for respiratory infection of 0.71 (95% CI 0.50–1.02), sug-
gesting that the use of mTOR inhibitors does not increase 
the risk of respiratory infections and may even be pro-
tective [3]. Notably, this is comparable to patients with 
COPD treated with placebo in studies of the phosphodi-
esterase inhibitor roflumilast, which demonstrated a 56.9 
per 100 patient-years incidence rate of COPD exacerba-
tions [4].

The frequent respiratory infections irrespective of 
treatment in LAM patients suggests that a dysregulated 
microbiome could be contributing to disease heterogene-
ity [3]. For example, in patients with COPD, exacerbation 
subtypes demonstrate distinct bacterial compositions 
[5]. Additionally, dysregulation of pulmonary microbi-
ota in murine models of chronic inflammatory lung dis-
ease indicate that host-microbial cross-talk can promote 
inflammation and contribute to disease pathogenesis 
[6]. The pulmonary microbiome represents a promising, 
untapped modifiable target for identifying patients at risk 
for respiratory function decline. To investigate this, we 
sought to identify potential microbial community struc-
tures that could be associated with patients with LAM 
or COPD at high risk for disease progression or death, 
which was defined as those whose lung disease have 
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progressed sufficiently to require lung transplantation. 
This study was approved by the Mass General Brigham 
Institutional Review Board (protocol 2015P001390) and 
NHLBI Institutional Review Board (protocols 95-H-0186, 
96-H-0100). Samples at the National Institutes of Health 
(NIH) included de-identified specimens from National 
Disease Research Interchange (NDRI), or patients who 
were previously enrolled in NIH protocols. The extra-
mural investigators were not provided with the identity 
of patients seen at the NIH. Twenty-five tissue specimens 
(N = 15 [LAM], N = 10 [COPD]) from lung explants from 
all female patients were obtained at the time of transplan-
tation. All samples were frozen prior to DNA extraction. 
Twenty samples (N = 11 [LAM], N = 9 [COPD]) were 
sent to the University of Michigan for microbial analysis 
for DNA extraction and analyses as previously described 
[7–9]. DNA was pre-extracted from 5 samples as a pilot. 
DNA from all 25 tissue samples and 3 extraction con-
trols underwent 16S rRNA gene sequencing of the V4 
region on the Illumina MiSeq platform. Sequencing data 
were deposited in the National Center for Biotechnol-
ogy Information Sequence Read Archive (BioProject: 
PRJNA706726). Only samples with > 1000 reads were 
utilized (N = 12 [LAM], N = 9 [COPD]) for further analy-
ses. Bacterial sequences were classified into operational 
taxonomic units (OTUs), identified based on the SILVA 
reference database. Data analyses were performed on 
all samples with > 1000 reads with and without the pre-
extracted DNA samples, demonstrating similar trends. 
We proceeded with reporting the results of all sam-
ples (N = 21) with > 1000 reads regardless of extraction 
method. The number of sequence reads did not differ sig-
nificantly between the two groups.

Evaluation of the microbiome from end-stage LAM 
versus COPD lungs revealed distinct microbial commu-
nity structures between the two disease states. Evenness, 
or the relative amounts of each species present in an 
environment, was calculated using the Pielou’s evenness 
index (Fig.  1A), demonstrating a trend towards lower 
evenness in LAM patients (P = 0.058). There was no dif-
ference in the number of distinct species among disease 
states (data not shown). Utilizing alpha-diversity meas-
ures that account for both the abundance and richness of 
the microbial community within a given environment, we 
found that patients with end-stage LAM had significantly 
lower alpha diversity (Fig.  1B) by Shannon (P = 0.0018), 
Simpson (P = 0.018) and Inverse Simpson (P = 0.018) 
indices, suggesting that patients with end-stage LAM 
have lower microbial species diversity than patients with 
end-stage COPD.

Principal component analysis of the taxonomic com-
position of the lung tissue microbiomes revealed dis-
tinct clustering and separation between LAM and COPD 

patients (Fig. 1C) along the second principal component 
(PC2) axis, which explained 9.1% of the variation in lung 
bacterial composition. Extraction controls did not cluster 
independently with spurious OTUs identified, suggesting 
the absence of systematic contamination. Proteobacte-
ria predominated the lung microbiota of both end-stage 
LAM and COPD patients. This is consistent with previ-
ously published reports of proportional increases in Pro-
teobacteria with COPD exacerbation events and Global 
Initiative for COPD (GOLD) stage, likely reflecting dis-
ease severity [10, 11]. However, the top ten represented 
bacteria by average rank abundance shared only one com-
mon organism between the two patient populations—
Streptococcus (Fig. 1D). Staphylococcus and Pseudomonas 
were relatively more abundant in end-stage COPD lungs, 
whereas Acinetobacter predominated in LAM patients.

This is the first study to examine the lung microbi-
ome of end-stage LAM patients as a potential feature 
of severe disease, which was marked by decreased 
microbial diversity, and possibly a distinct microbial 
signature in LAM compared to COPD patients. Both 
end-stage diseases demonstrated microbiota that were 
distinct from that found in non-smoker control lungs, 
which have been associated with Comamonadaceae, 
Brevundimonas and Diaphorobacter species [11], with 
both young and elderly sputum samples from healthy 
individuals consisting of mainly microbes from the Fir-
micutes phylum [12]. Alterations in the microbiome can 
result from three major perturbations: (1) the introduc-
tion of microbes through inhalation or aspiration, (2) 
changes in the elimination of microbes through cough, 
mucociliary clearance, or host immune response, or 
(3) local environmental growth conditions [13, 14]. In 
patients with COPD, a shift towards Proteobacteria 
phylum was observed in patients during exacerbations 
[15] and after rhinovirus infection [16], which in turn 
has been associated with high mortality and accelerated 
pulmonary function decline [17]. The findings from our 
cohort of end-stage COPD patients support this find-
ing, and extends it to patients with LAM, suggesting 
that frequent infections in LAM [3] may contribute 
to previously unrecognized perturbations in the lung 
microbiome. In line with previously published studies, 
the microbiome of our end-stage COPD patients were 
enriched for Pseudomonas [18], Streptococcus [5] and 
Staphylococcus [19]—common pathogenic organisms. 
In contrast, patients with end-stage LAM had a micro-
biome that was enriched for Acinetobacter, which has 
also been observed in the allograft microbiome of sin-
gle lung transplant recipients [20]. This suggests that 
in addition to infections, immunomodulation may also 
play a role in shaping the microbiome of patients with 
LAM. Clarifying the relative contributions of infections 
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and immunomodulation are important future research 
directions. This can be done by longitudinally evaluat-
ing the microbiome in bronchoalveolar lavage samples 
of different stages of disease, with or without mTOR 
inhibitor use, in LAM patients. Additionally, enriching 
for Acinetobacter in murine models of LAM [21] and 
studying its effect on airspace enlargement in  vivo, or 
investigating the impact of inactivated Acinetobacter 
[22] on the growth of TSC2-deficient cells [23] in vitro 
may represent complimentary mechanistic studies to 

further delineate the potential impact of the microbi-
ome on patients with LAM.

This analysis had several limitations: the small sample 
size due to the rarity of the LAM patient population, 
the absence of clinical data, the heterogeneity of lung 
disease in patients with COPD, and the lack of longi-
tudinal samples limited our ability to determine if the 
observed dysregulated microbiome was a consequence 
of immunomodulator therapy, repeated infections, 
antibiotic use, or a specific feature of severe progressive 

Fig. 1 Microbiome in lung explants of patients with LAM compared to COPD. A Comparison of Pielou’s evenness index between lung explant 
specimens with > 1000 reads from COPD (n = 9) and LAM (n = 12) patients. Evaluation of alpha diversity in lung tissue samples from patients 
with LAM and COPD by (B) Shannon Index. Data were assessed by Wilcoxon rank sum and significant comparisons denoted by ** (P = 0.0018). C 
Beta‑diversity analyses were performed based on Hellinger‑transformation of the relative abundance data and visualized in a principal component 
analysis (PCA) plot. The second principal component (PC2) explained 9.1% of the variation in lung bacterial composition and distinguished 
microbiota differences between COPD (black circles) and LAM (red circles) samples. Extraction controls (blue circles) did not cluster independently. 
Data were analyzed by PERMANOVA test (P = 0.009). Bacterial sequences were classified into operational taxonomic units (OTU) and OTUs 
comprising > 0.1% of all individual communities in the dataset were utilized for analyses. D The top 10 represented bacteria by average rank relative 
abundance between LAM (white bars) and COPD (black bars) lung tissue specimens are presented
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LAM. The use of end-stage tissues also may not neces-
sarily represent active pathology, although diffuse dis-
ease involvement throughout the lungs may minimize 
sampling bias in small potentially heterogenous tissue 
samples. Our study was strengthened by using lung tis-
sue as opposed to bronchoalveolar lavage or sputum 
samples, which can be contaminated by upper respira-
tory tract or oral flora, although extraction of adequate 
amounts of microbial DNA can be challenging in 
samples dominated by host DNA. The results of this 
exploratory study suggest that further evaluation of the 
contribution of microbial populations in LAM patients 
may represent a novel area of research for the field.
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