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Abstract

Rationale: Idiopathic pulmonary fibrosis (IPF) causes
considerable global morbidity and mortality, and its mechanisms
of disease progression are poorly understood. Recent
observational studies have reported associations between lung
dysbiosis, mortality, and altered host defense gene expression,
supporting a role for lung microbiota in IPF. However, the causal
significance of altered lung microbiota in disease progression is
undetermined.

Objectives: To examine the effect of microbiota on local alveolar
inflammation and disease progression using both animal models and
human subjects with IPF.

Methods: For human studies, we characterized lung microbiota in
BAL fluid from 68 patients with IPF. For animal modeling, we used a
murine model of pulmonary fibrosis in conventional and germ-free
mice. Lung bacteria were characterized using 16S rRNA gene
sequencing with novel techniques optimized for low-biomass sample

load. Microbiota were correlated with alveolar inflammation,
measures of pulmonary fibrosis, and disease progression.

Measurements and Main Results: Disruption of the lung
microbiome predicts disease progression, correlates with local host
inflammation, and participates in disease progression. In patients
with IPF, lung bacterial burden predicts fibrosis progression, and
microbiota diversity and composition correlate with increased
alveolar profibrotic cytokines. In murine models of fibrosis, lung
dysbiosis precedes peak lung injury and is persistent. In germ-free
animals, the absence of a microbiome protects against mortality.

Conclusions: Our results demonstrate that lung microbiota
contribute to the progression of IPF. We provide biological
plausibility for the hypothesis that lung dysbiosis promotes alveolar
inflammation and aberrant repair. Manipulation of lung microbiota
may represent a novel target for the treatment of IPF.
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Pulmonary fibrosis is a poorly understood,
heterogeneous disease with significant
global morbidity and mortality. Idiopathic
pulmonary fibrosis (IPF), the most common
form of pulmonary fibrosis, has poorly
understood mechanisms of pathogenesis
and disease progression (1, 2). Despite
recent progress in the understanding of IPF
pathophysiology (3–5), there remains no
solution for advanced disease, with the
exception of lung transplant (6, 7).
Pulmonary fibrosis is characterized by
recurrent unknown injury with the loss and
abnormal repair of alveolar epithelial cells
and deposition of extracellular matrix and
collagen (8). This matrix impairs efficient
gas exchange within the lung, resulting in
respiratory failure and death.

Though IPF has conventionally been
considered a sterile lung disorder, the
recent revolution in culture-independent

microbiology has prompted a
reconsideration of IPF pathogenesis (9–11).
Pulmonary fibrosis results in irreversible
changes to the architecture of the lung, with
local alterations in airway and alveolar
mucosa, blood flow, and oxygen tension,
as well as derangements in host immunity.
All of these anatomic, physiologic, and
immunologic features of the disease likely
exert selective pressure on the bacterial
communities of the lower respiratory tract,
generating dysbiosis. Recent observational
studies in patients with IPF have reported
associations between lung dysbiosis, disease
progression, and mortality (12–17). Both
bacterial burden (12) and bacterial
community composition (13) have been
correlated with disease outcomes, and the
identity of lung bacteria has been correlated
with peripheral blood host defense gene
expression (14). Impaired host defense and
innate immune signaling are contributing
factors to IPF disease severity and course
(4, 18–21). Systemic immunosuppression
is associated with deleterious
clinical outcomes in IPF (22), whereas
antimicrobials may have a therapeutic role
in reduced mortality and limited overt
infectious episodes (23). Yet, whether the
lung dysbiosis of pulmonary fibrosis is a
cause or consequence of disease remains
unknown.

In the present study, we used a
translational approach to examine the causal
role of the lung microbiome in pulmonary
fibrosis. In human patients with IPF, increased
bacterial burden predicts disease progression,
and the diversity and community composition
of lung microbiota are correlated with indices
of alveolar inflammation. In animal models
of pulmonary fibrosis, lung dysbiosis
precedes lung injury and persists until the
establishment of fibrosis, and germ-free (GF)
mice are protected from mortality. Our
translational study of lung microbiota
demonstrates that the lung microbiome plays
a causal role in pulmonary fibrosis progression
and may represent a potential target for
preventing the aberrant inflammation and
dysregulated repair of IPF. Some of the results
of these studies were previously reported in the
form of an abstract (24).

Methods

Ethics Statement

Human subjects included were patients
from a prospective observational study

correlating biomarkers with disease
progression (COMET [Correlating
Outcomes with Biochemical Markers to
Estimate Time-Progression in Idiopathic
Pulmonary Fibrosis]; www.clinicaltrials.gov
identifier NCT01071707) (13). All patients
provided written informed consent. All
clinical investigations were conducted
according to the Declaration of Helsinki.
The human study protocol was approved
by the institutional review boards of all
participating centers. See the online
supplement section for further details. The
animal studies were approved by the
University of Michigan Institutional
Animal Care and Use Committee at the
University of Michigan under protocol
6821.

Human IPF Study Population

The study population of 68 patients with IPF
was a subset of the COMET study who had
BAL fluid (BALF) DNA available for
analysis. We also included a subset of 39
COMET study patients who had matched
BALF microbiota analysis (16S rRNA gene
sequencing) and BALF available for
cytokine measurements. See the online
supplement for details.

Mouse Models

Eight to 10-week-old C57BL/6J mice were
purchased from The Jackson Laboratory
and housed under specific pathogen–free
conditions. GF mice on a C57BL/6
background were bred and maintained by
the GF animal core facility at the University
of Michigan and were housed in flexible
film isolators. Feces of GF mice were
assessed for GF status on a regular basis
using Gram stain and culture. For further
details, see the online supplement.

Preparation of Single-Cell

Suspensions from Lung Tissue and

Flow Cytometry

Collagenase digestion of mouse lung tissue
and flow cytometry were performed as
previously described (25). See the online
supplement for details.

Bleomycin Model of Pulmonary

Fibrosis, Mouse Tissue

Collection/Processing, Lung

Histologic Sectioning and Staining,

and Hydroxyproline Assay

Pulmonary fibrosis was induced with
oropharyngeal or intratracheal bleomycin as
previously described (26). Control mice

At a Glance Commentary

Scientific Knowledge on the

Subject: Mechanisms of disease
progression in idiopathic pulmonary
fibrosis (IPF) are poorly understood.
Recent studies support an association
between lung bacterial burden and
mortality. Further work has correlated
changes in host defense gene
expression in peripheral blood with
lung microbiota. However, the direct
effect of lung microbiota on indices of
alveolar inflammation and fibrosis and
the causal significance of lung
microbiota in IPF remain
undetermined.

What This Study Adds to the

Field: We report significant
correlations between airway
microbiota and indices of alveolar
inflammation in IPF. We report a
significant association between lung
bacterial burden and disease
progression in human patients. In
models of pulmonary fibrosis,
dysbiosis precedes peak lung injury and
persists in the fibrotic lung. In novel
germ-free animal models of pulmonary
fibrosis, we found that the absence of
microbiota protects against mortality
and modulates both humoral and
cellular immunity in the fibrotic lung.
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received identical volumes of saline
instillation. Tissue collection and
processing were performed as previously
described (27). Histologic sectioning and
staining were performed as previously
described (28). Collagen deposition was
measured using a hydroxyproline assay as
described previously (29, 30). See the online
supplement for details.

Bacterial DNA Isolation and 16S DNA

Sequencing

Genomic DNA extraction from mouse
tissue and human BALF was carried out as
previously described (13, 31). Droplet
digital PCR (ddPCR) for the 16S rRNA
gene was performed as previously described
(27). See the online supplement for details.

Pulmonary Cytokine Measurements

in Lungs of Patients with IPF and Mice

Pulmonary inflammation in vivo was
evaluated by cytokine measurements of
human BALF and murine lung homogenate
using a Luminex platform (MilliporeSigma)
as previously described (32). See the online
supplement for details.

Statistical Analysis

Principal component analysis (PCA) using
BAL cytokine data was performed in
comparisons between healthy subjects and
subjects with IPF. PCA and redundancy
analysis were performed on human
microbiota data between tertile groups of
patients with IPF and on murine lung
microbiota data between murine
experimental groups (R vegan package; R
Foundation for Statistical Computing).
Statistical differences were examined using
permutational multivariate ANOVA
(PERMANOVA). Univariate and
multivariable logistic regression modeling
of healthy control and IPF BALF cytokines
was also performed using age and sex as
variables. Univariate linear regressions
between 1) relative abundances of microbiota
(at phylum and operational taxonomic unit
[OTU] levels), 2) Shannon diversity indices,
and 3) bacterial burden by 16S and alveolar
cytokine concentrations were performed and
adjusted using a multivariable linear
regression model with adjustment for the
variables age, sex, smoking status, baseline
FVC (percent predicted), and baseline DLCO

(percent predicted). Multiple comparisons
were accounted for using a Benjamini-
Hochberg procedure and a false discovery
rate (FDR) of 10%. In the OTU regression

model, OTUs were examined on the basis of
their presence in at least two patients, and
relationships with alveolar cytokine
concentrations were based on the presence
or absence of an OTU in each patient.
Univariate and multivariate Cox
proportional hazards models were employed
to study IPF disease progression with a
composite endpoint as previously published
(13), adjusted for age, sex, baseline DLCO,
baseline FVC, and smoking status. We
performed all analyses in R (R: A Language
and Environment for Statistical Computing;
R Core Team [2017], R Foundation for
Statistical Computing) and Prism version 7
software (GraphPad Software).

Identification of Procedural

Contaminants and Adequacy of

Sequencing

The identification of contaminants in
human BAL data and murine lung was
carried out as previously described (13, 31).
See the online supplement for details.

Results

Lung Bacterial Burden Predicts

Disease Progression in IPF

We first tested the hypothesis that increased
lung bacterial burden predicts subsequent
disease progression, as previously reported
(12). To quantify bacterial burden, we
studied BALF collected from COMET
patients with IPF (33). The cohort clinical
characteristics and demographics are
reported in Table 1. Our primary outcome
was progression-free survival, as measured
by a composite endpoint of time until
death, acute exacerbation of IPF, lung
transplant, or relative decline in FVC
greater than 10%, or DLCO greater than 15%
(13) (Table E1 in the online supplement). A
total of 44 patients had progressive disease
based on this composite endpoint. To
measure bacterial burden, we used ddPCR,
a novel ultrasensitive PCR platform, to
quantify copies of the bacterial 16S rRNA
gene (27). Patients with IPF with
progressive disease had significantly higher
bacterial burden than nonprogressors
(P = 0.041) (Figure E1). We next stratified
the patients with IPF into tertiles based on
total bacterial DNA burden (methodology
consistent with previous reports [12]) as
measured by ddPCR and examined
progression-free survival. In an unadjusted
Cox proportional hazards model, patients

with IPF in the highest tertile (with the
highest bacterial burden) had a significantly
increased hazard compared with those in
the lowest tertile (hazard ratio, 3.58; 95%
confidence interval, 1.64–7.81; P = 0.0014)
(Figure 1A). This association remained
significant after adjustment for age, sex,
FVC, DLCO, and smoking status in a
multivariable Cox model (hazard ratio,
4.99; 95% confidence interval, 1.96–12.71;
P = 0.0007). Results of univariate and
multivariable Cox proportional hazards
models are reported in Table 2. Endpoint
type and frequency are reported in
Table E1.

We next sought to examine bacterial
community structure between these tertile
groups by using constrained ordination
redundancy analysis based on PCA. These
groups, stratified by bacterial burden,
demonstrate significantly altered lung
bacterial communities (PERMANOVA
P = 0.0002) (Figure 1B). Lung bacterial
communities in the highest bacterial
burden tertile are significantly different
from those in the intermediate bacterial
burden tertile (PERMANOVA P = 0.007)
and the lowest bacterial burden tertile
(PERMANOVA P = 0.00009). Given the
changes in community structure, we next
sought to understand whether there was an
associated change in community diversity.
We report significant changes in
community diversity across all tertile
groups (P = 0.0029) (Figure 1C). Diversity
in the highest 16S tertile group was
significantly reduced compared with the
lowest 16S tertile group (P = 0.0020), but it
was not significantly different from the
intermediate 16S tertile (P = 0.46). We thus
concluded that lung bacterial burden
predicts disease progression in patients
with IPF, a finding now validated across
patient cohorts and quantification
platforms (12). Increased bacterial burden
is also associated with significant
differences in community composition and
loss of community diversity, suggesting that
all three features of the lung microbiome
(burden, composition, diversity) may be
involved in local inflammation and
immune responses.

Alveolar Inflammation Is

Dysregulated in Patients with IPF and

Correlated with Variation in Lung

Microbiota

Having confirmed a relationship between the
lung microbiome and disease progression in
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IPF, we then asked if features of the lung
microbiome (including burden, composition,
and diversity) are associated with alveolar
inflammation in patients with IPF. Initially,
we examined the degree of dysregulation
present in host alveolar inflammation by
comparing BALF cytokines in five healthy
volunteers with that of patients with IPF.
Demographics of the healthy volunteers and
this subset of 39 patients with IPF are
reported in Table 3. Using PCA and
PERMANOVA, we found a significant
collective difference in alveolar cytokine
concentration in BALF, as measured by
multiplex ELISA, between healthy control
subjects and patients with IPF (P = 0.009)
(Figure 2A). To determine the specific
cytokine drivers of this collective variation,
we performed logistic regression comparing
healthy and IPF BALF, controlling for
differences in age and sex. We found
significantly increased concentrations of
alveolar IL-1Ra in IPF BALF compared with
that of healthy volunteers (adjusted P = 0.04)
(Table E2, Figure 2B) and significantly
decreased concentrations of IL-15 (adjusted
P = 0.0035) (Table E1, Figure 2C) and IL-7
(adjusted P = 0.03) (Table E2) in patients
with IPF compared with healthy volunteers.
Results of the logistic regression model of
BALF cytokines in healthy volunteers and
patients with IPF are reported in Table E2.
We concluded that alveolar inflammation is
altered in patients with IPF compared with
healthy control subjects.

We next asked if variation in alveolar
cytokines correlates with diversity of lung
microbiota in IPF. We determined

community diversity using the Shannon
diversity index. We found that decreased lung
bacterial diversity was significantly associated
with increased alveolar concentrations of
proinflammatory profibrotic cytokines and
growth factors, including IL-1Ra (adjusted
P = 0.0058) (Figure 2D), IL-1b (adjusted
P = 0.0004) (Figure 2E), CXCL8 (C-X-C
motif chemokine ligand 8) (adjusted
P = 0.015) (Figure 2F), MIP-1a
(macrophage inflammatory protein-1a)
(adjusted P = 0.0009) (Figure 2G), G-CSF
(granulocyte colony–stimulating factor)
(adjusted P = 0.025) (Figure 2H), VEGF
(vascular endothelial growth factor)
(adjusted P = 0.015), and epidermal growth
factor (EGF) (adjusted P = 0.041) (Figure 2I).
These observations remained significant after
adjustment for age, sex, FVC, DLCO, and
smoking status and multiple comparisons by
applying an FDR of 0.1. The results of
univariate and multivariable linear regression
modeling of diversity and alveolar cytokines
are reported in Table E3.

We next asked if variation in alveolar
cytokines correlates with variation in the
community composition of lung microbiota
by prominent lung phyla. After adjusting for
age, sex, FVC, DLCO, and smoking status
and multiple comparisons by FDR method,
we found a positive association between
alveolar IL-6 and the relative abundance
of the Firmicutes phylum (adjusted
P = 0.001) (Figure 2J). IL-6 has known
proinflammatory and profibrotic properties
(34). We also report a negative association
between IL-12p70 and the relative
abundance of the Proteobacteria phylum

(adjusted P = 0.0014) (Figure 2K). Results
of univariate and multivariable linear
regression models are reported in Table E4.
In an exploratory analysis, we also
examined associations between taxa at an
OTU (approximately genus/species) level
and concentrations of alveolar cytokines
using a linear regression model. We report
significant associations between varied
cytokines and the presence of certain
taxa (Table E5). For example, EGF was
associated with the presence of OTU0200:
Lachnospiraceae (P = 0.0065) and
OTU1037: Lachnospiraceae (P, 0.0001).
IL-15 was negatively correlated with the
presence of OTU1442: Lachnospiraceae
(P = 0.0009). IL-1RA was positively
correlated with the presence of OTU1463:
Veillonella (P = 0.013). IL-1b was positively
correlated with the presence of OTU0982:
Lactobacillaceae (P = 0.0005) and the
presence of OTU1433: Prevotella (P = 0.03).
These results are not adjusted for multiple
comparisons and are presented for
hypothesis generation only. All significant
results of linear regression analysis of taxa
and alveolar cytokines are reported in Table
E5. Given the association between bacterial
burden and disease progression, we also
sought to identify any association between
bacterial burden and alveolar inflammation.
We found no significant correlations
between lung bacterial burden and alveolar
cytokines after adjusting for multiple
comparisons, whether analyzing all
specimens (Table E6) or restricting our
analysis to progressors (Table E7). We
concluded that lung bacterial diversity and
community composition are correlated
with alveolar inflammation in patients with
IPF, suggesting a calibrated relationship
between lung microbiota and
inflammation.

Lung Dysbiosis Precedes Peak Lung

Injury and Persists in the Fibrotic

Lung

To determine the temporal relationship
between lung dysbiosis, inflammation,
and fibrogenesis, we administered
oropharyngeal bleomycin to mice to
elicit acute inflammation (Days 0–7),
fibroproliferation (Days 7–14), and
fibrosis (Days 14–21). We found peak
inflammation in TNF-a (P, 0.05)
(bleomycin vs. untreated) (Figure 3A)
and IL-17 (P, 0.0001) (bleomycin
vs. untreated) (Figure 3B) on Day 1 after
bleomycin. Peak lung injury as measured

Table 1. Clinical Characteristics and Demographics of Patients with Idiopathic

Pulmonary Fibrosis

All

Bacterial DNA Tertiles

P Value*Low Intermediate High

n 68 23 22 23
Age, yr, mean (SD) 65.0 (7.3) 63.6 (7.4) 64.3 (7.6) 66.9 (6.8) 0.29
Male, n (%) 46 (67.6) 16 (69.6) 15 (68.2) 15 (65.2) 0.94
FVC, mean (SD)† 70.0 (17.7) 70.0 (18.2) 69.0 (14.3) 71.0 (21.0) 0.92
DLCO, mean (SD)‡ 43.5 (14.0) 44.3 (14.4) 45.2 (12.6) 41.0 (15.2) 0.53
Smoking status, n (%) 0.96
Nonsmoker 20 (29) 7 (30.4) 6 (27.3) 7 (30.4) —
Ex-smoker 46 (68) 15 (65.2) 15 (68.2) 16 (69.6) —
Active smoker 2 (3) 1 (4.4) 1 (4.5) 0 —

*P values are calculated by ANOVA for continuous variables and chi-square test/Fisher’s exact test
for categorical variables. Smoking status statistical testing by nonsmoker versus ever smoker.
†FVC percent predicted at trial enrollment; FVC data missing = 4.
‡DLCO percent predicted at trial enrollment; DLCO data missing = 7.
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by total BALF protein leak occurred on Day
7 after bleomycin (P, 0.0001) (Figure 3C).
Next, we measured bacterial burden and
found no significant difference in the
burden during the first 7 days in BALF
(Figure 3D). We measured community
composition by amplicon sequencing of the
16S rRNA gene of BALF and found that
BALF bacterial diversity increases after
injury and peaks before peak lung injury on
Day 7 (P = 0.04) (Figure 3E). We found that
community composition was also altered
after bleomycin exposure, evidenced by
relative abundance of the Firmicutes
phylum (Figure 3F) and PCA of BALF
microbial communities (Figure 3G), both
before peak lung injury.

We next examined whether bleomycin-
induced lung dysbiosis persists until the
establishment of pulmonary fibrosis (Days
14–21) with variables measured in whole
lung to capture parenchymal changes.
Bacterial burden (Figure 3H) and
community richness (Figure 3I) did not
significantly differ during fibroproliferation.
By contrast, the community composition of
lung bacteria was altered after bleomycin
exposure and remained altered until Day 21
(Figures 3J–3M). We observed an increase in
the relative abundance of the Firmicutes
phylum with a nonsignificant but sustained
decline in the Bacteroidetes phylum (Figures
3J and 3K). Collectively, lung communities
from bleomycin-treated mice differed from
those of untreated mice, both via direct
comparison of Bray-Curtis similarity
(Figure 3L) and via visualization using PCA
(Figure 3M). Importantly, this disruption of
lung community composition remained over
21 days (Figure 3M), encompassing all stages
of the fibroproliferative model and chronic
injury. Diversity of fecal bacteria did not
change with duration after bleomycin (P.
0.05 at all time points), though community
composition of fecal bacteria did differ at
all time points (PERMANOVA, P, 0.01
at all time points). We concluded that
pulmonary dysbiosis persists through the
establishment of fibrosis, both preceding
peak injury and in tandem with dysregulated
immunity, providing temporal plausibility
for the hypothesis that pulmonary
microbiota contribute to injury and
dysregulated repair in pulmonary fibrosis.

GF Mice Are Protected from

Pulmonary Fibrosis–related Mortality

Having shown that dysbiosis of lung
microbiota occurs in lung injury and persists
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Figure 1. Alveolar bacterial burden predicts disease progression in idiopathic pulmonary fibrosis.

(A) BAL was performed in 68 patients with idiopathic pulmonary fibrosis, and bacterial burden

was quantified using droplet digital PCR of the 16S rRNA gene. Disease progression was defined

by death, acute exacerbation, decline in lung function, or lung transplant. A Kaplan-Meier curve

was generated by using a Cox proportional hazards model stratified by bacterial burden

(displayed as tertile ranges; lowest tertile range, 9.76e103–4.64e104 16S copies; middle tertile

range, 4.68E104–1.31E105 16S copies; highest tertile range, 1.31E105–1.14E107 16S

copies). Log-rank P test value is reported. (B and C) Higher bacterial burden is associated

with altered lung bacterial community structure or dysbiosis. (B) Redundancy analyses (RDA1,

RDA2) of bacterial communities in all three BAL 16S tertile groups, with statistical testing by

permutational multivariate ANOVA (PERMANOVA). (C) Increased bacterial burden is associated

with a lower a-diversity (Shannon diversity index), as determined by Mann-Whitney U test with

Dunn’s multiple comparisons.
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throughout the establishment of pulmonary
fibrosis, we next sought to test the
hypothesis that the absence of lung
microbiota would be protective in
pulmonary fibrosis. We employed a GF
mouse model of bleomycin-induced
pulmonary fibrosis and compared outcomes
in mice with and without lung microbiota.
Compared with genetically identical mice
with conventional microbiota, GF mice had
a significant reduction in mortality (log-
rank P = 0.02, adjusted for batch effect)

(Figure 4A) when treated with bleomycin
(0.02 U/mouse). Given this protection, we
next examined fibrotic outcomes at Day 21
using both histology (Masson’s trichrome
stain) and quantification of lung
hydroxyproline with a lower dose of
bleomycin (0.01 U/mouse). GF and
conventional mice did not differ in their
histology or in their quantitative amounts
of fibrosis at Day 21 (Figures 4B and 4C).

Given equivalent fibrosis despite
preserved survival in GF mice, we next

characterized differences in pulmonary
humoral immunity using a multiplex ELISA
to characterize concentrations of lung
cytokines. We identified significant
differences in the concentrations of
cytokines (P = 0.002, PERMANOVA)
across all experimental groups on Day 21.
We visualized specific interactions between
microbiome status and bleomycin
exposure. As shown in Figure 4D,
baseline lung cytokines were similar in
GF and conventional mice (P = 0.10,

Table 2. Cox Proportional Hazards Model of Disease Progression in Idiopathic Pulmonary Fibrosis

Variable HR 95% CI Lower Limit 95% CI Upper Limit P Value

Univariate
Total bacterial DNA burden: middle tertile* 2.03 0.91 4.52 0.084
Total bacterial DNA burden: highest tertile* 3.58 1.64 7.81 0.0014
Shannon diversity index† 1.19 0.46 1.56 0.59
Age‡ 1.02 0.98 1.06 0.27
Malex 0.94 0.50 1.76 0.85
DLCO

jj 0.98 0.96 1.01 0.36
FVC¶ 1.00 0.98 1.02 0.65
Smoking status** 1.19 0.67 2.11 0.55

Multivariate
Total bacterial DNA burden: middle tertile* 2.26 0.94 5.39 0.07
Total bacterial DNA burden: highest tertile* 4.99 1.96 12.71 0.0007
Age 1.00 0.94 1.06 0.97
Male 0.89 0.47 1.73 0.73
DLCO 0.99 0.96 1.03 0.74
FVC 1.00 0.98 1.03 0.68
Smoking status 1.81 0.82 3.98 0.14

Definition of abbreviations: CI = confidence interval; HR = hazard ratio.
*Versus lowest tertile. N = 68 in multivariate model adjusted for age, sex, DLCO, FVC, and smoking status.
†Shannon diversity index, per 1-unit increase.
‡Age, per 1-year increase.
xMale versus female.
jjDLCO percent predicted at trial enrollment, per 1% increase.
¶FVC percent predicted at trial enrollment, per 1% increase.
**Never smoker versus ever smoker.

Table 3. Clinical Characteristics and Demographics of Patients with Idiopathic Pulmonary Fibrosis and Healthy Control Subjects in

Cytokine Lung Microbiota Study

Healthy Control Subjects All Patients with IPF IPF Progressors IPF Nonprogressors P Value*

n 5 39 22 17
Age, yr, mean (SD) 41.4 (11.6) 64.3 (8.0) 65.8 (8.3) 62.4 (7.3) 0.19
Male, n (%) 2 (40) 26 (66.7) 13 (59.1) 13 (76.5) 0.42
FVC, mean (SD)† NR 71.8 (17.9) 75.0 (18.0) 67.4 (17.5) 0.20
DLCO, mean (SD)‡ NR 47.6 (12.6) 48.2 (12.8) 46.7 (12.7) 0.74
Smoking status, n (%) NR
Nonsmoker 13 (33.3) 7 (31.8) 6 (35.3) 0.61
Ex-smoker 25 (64.1) 15 (68.2) 10 (58.8)
Active smoker 1 (2.6) 0 1 (5.9)

Definition of abbreviations: IPF = idiopathic pulmonary fibrosis; NR = not recorded.
Statistical testing is progressor versus nonprogressor.
*P values were calculated by t test for continuous variables and chi-square test/Fisher’s exact test for categorical variables.
†FVC percent predicted at trial enrollment.
‡DLCO percent predicted at trial enrollment.
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Figure 2. Alveolar inflammatory and fibrotic cytokines are disordered in idiopathic pulmonary fibrosis (IPF) and correlated with lung microbiota. Alveolar

immunity was characterized using a multiplex ELISA of BAL fluid from 39 patients with IPF and 5 healthy volunteers. Lung bacteria were characterized

using 16S rRNA gene sequencing from this subset of 39 patients with IPF. (A) As visualized via principal component analysis and tested using

permutational multivariate ANOVA, alveolar cytokine concentrations were altered in patients with IPF compared with healthy control subjects (P = 0.009,

permutational multivariate ANOVA). (B and C) These differences in alveolar immunity were driven by increased IL-1Ra in IPF (P, 0.0001; adjusted

P = 0.04) and by decreased IL-15 in IPF (P, 0.0001; adjusted P = 0.0035). (D–I) Among patients with IPF, decreased diversity of lung bacteria was

correlated with increased alveolar concentration of IL-1Ra (D) (P = 0.0015; adjusted P = 0.0058), IL-1b (E) (P, 0.0001; adjusted P = 0.0004), CXCL8 (C-X-

C motif chemokine ligand 8)/IL-8 (F) (P = 0.0049; adjusted P = 0.015), MIP-1a (macrophage inflammatory protein-1a) (G) (P = 0.001; adjusted P = 0.0009),

granulocyte colony–stimulating factor (G-CSF) (H) (P = 0.01; adjusted P = 0.02), and EGF (epidermal growth factor) (I) (P = 0.0081; adjusted P = 0.04).

(J and K) Alveolar concentrations of IL-6 were positively correlated with relative abundance of the lung Firmicutes phyla (J) (P = 0.02; adjusted P = 0.001),
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PERMANOVA). Bleomycin exposure
significantly altered lung cytokines both
in GF mice (P = 0.02, PERMANOVA,
saline- vs. bleomycin-treated GF mice)
and in conventional mice (P = 0.015,
PERMANOVA, saline- vs. bleomycin-
treated conventional mice). As seen in
Figure 4D, bleomycin exposure increased
the within-group dissimilarity among mice,
and differences in lung cytokines were
associated with differences in severity
of fibrosis as measured by lung
hydroxyproline concentration
(PERMANOVA P = 0.03). Comparing
pulmonary cellular immunity (leukocyte
profiles on Day 6 after bleomycin exposure)
in conventional and GF mice, we found
increased absolute numbers of FoxP31

T-regulatory cells in bleomycin-exposed
GF mice compared with conventional mice
(P = 0.0008). In contrast, we found reduced
absolute numbers of T-helper type 1 (Th1)
cells (P = 0.01) (Figure 4E) in bleomycin-
exposed GF mice compared with
conventional mice. Representative flow
plots are shown in Figure E1. Our results
suggest a role of lung microbiota in the
regulation of Th1/Th2 responses during
fibrotic injury and indicate that the
injurious effects of lung microbiota
in pulmonary fibrosis may occur
independently of collagen deposition.

Discussion

The core findings of this study are that lung
bacteria 1) predict disease progression in
patients with IPF, 2) are correlated with
derangements in alveolar immunity, and 3)
participate in pathogenesis in animal
models of pulmonary fibrosis. In IPF, after
adjustment for relevant clinical and
physiological variables, lung bacterial
burden predicts disease progression. Key
features of the lung microbiome correlate
with inflammatory and fibrotic mediators
and bacterial burden in the lungs of
patients with IPF. In animal models of
pulmonary fibrosis, lung dysbiosis precedes
peak lung injury and persists throughout
the periods of fibrogenesis and established

fibrosis. The absence of lung microbiota,
studied using GF mice, conveys a survival
advantage after bleomycin exposure, and
GF mice exhibit altered humoral and
cellular lung immunity after bleomycin.
Our results validate prior observations
made using different patient cohorts and
different sequencing and quantification
platforms (12, 13), and they provide new
insights using concurrent analysis with
indices of lung immunity as well as
complementary animal models. Taken
together with the existing literature, our
work provides strong corroborating
evidence for the hypothesis that lung
microbiota contribute to host inflammation
and injury in IPF.

Molyneaux and colleagues found an
increased risk of mortality with increasing
lung bacterial burden (12). They also
identified an increased bacterial load as a
manifestation of IPF pathobiology. We
validate this significant association between
the burden of lung microbiota and disease
progression in IPF. Provocatively, we found
that GF mice are protected from mortality
after bleomycin exposure; yet, they exhibit
severity of pulmonary fibrosis similar to
that of conventional mice. This finding
reflects the clinical observation that patients
with IPF often die of not merely progressive
fibrosis but instead of diverse inflammatory
causes of acute-on-chronic respiratory
failure such as respiratory infections and
poorly understood acute exacerbations of
IPF (35). Acute exacerbations of IPF
are characterized by diffuse alveolar
inflammation and alterations in lung
microbiota (16), and their frequency is
increased by immunosuppression (22).
Our results provide clinical plausibility
for the interpretation that the lung
microbiome contributes to acute
inflammatory dysregulation in IPF,
participating in unfavorable outcomes
potentially independent of collagen
deposition. Supporting this, we found key
differences in mice lacking a microbiome,
notably a decrease in pulmonary Th1
cellular responses relative to those of
conventional mice. We found an enhanced
FOXP31 T-regulatory cell response in

bleomycin-treated GF mice, likely skewing
the Th1/Th2 balance that has been
implicated in IPF pathogenesis (36, 37).
Th2 cells have previously been argued to
promote tissue repair (38), and although
the exact role of FOXP31 T-regulatory cells
in IPF remains undetermined, studies have
shown impaired FOXP31 T-regulatory
cell suppressor activity in patients with
IPF (39). In contrast, FOXP31 T cells
demonstrated the ability to augment
pulmonary fibrosis in silica-induced fibrosis
models (40). This finding of higher
numbers of T-regulatory cells before peak
lung injury would support an early skew
toward repair that may contribute to the
observed protection. Further studies in GF
and monocolonized models will allow for
interrogation of the possible mechanism for
the reduced mortality observed.

Our findings build on the link between
dysregulated systemic immunity and
IPF pathogenesis. Previous studies have
linked immune gene expression patterns
in peripheral blood mononuclear cells
and lung microbiota over time in patients
with IPF (14, 15). In the present study,
we provide evidence demonstrating a
calibrated relationship between local
alveolar immunity in IPF and the
lung microbiome. A disordered lung
microbiome has been observed across
numerous acute and chronic lung diseases
(11). Changes in local mucosal conditions
in conjunction with comorbidities may
alter the composition and burden of lung
microbiota, generating molecular patterns
that engage innate immune receptors
and promote sustained inflammation.
Supporting this interpretation, we report
strong correlations between the diversity
of lung microbiota in patients with IPF and
concentrations of canonical inflammatory
and profibrotic cytokines, including IL-1b
and IL-8. These cytokines have previously
been implicated in pulmonary fibrosis (41,
42). Although most studies to date have
focused on the now highly appreciated role
of the gut microbiome in shaping systemic
immune responses (43–45), the lung
microbiome is now recognized to play a
pivotal role in directing immune responses

Figure 2. (Continued). whereas alveolar IL-12p70 was negatively correlated with relative abundance of lung Proteobacteria phylum (K) (P = 0.0056;

adjusted P = 0.0014). Statistical significance was determined using univariate and multivariable logistic regression modeling of log-transformed cytokine

data, adjusted for age and sex in healthy versus IPF model and univariate/multivariate linear regression models adjusted for age, sex, baseline pulmonary

function, and smoking status in the IPF model. Benjamini-Hochberg correction was applied to account for multiple comparisons with a false discovery rate

of 0.1 when applicable. Continuous variables were examined using an unpaired t test or Mann-Whitney U test when applicable.
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in both healthy animals and humans
(27, 46). Furthermore, disease results in
alterations of the lung microbiome, features
of which, in turn, correlate with alveolar

inflammation (32, 47, 48). Discriminating
between causal links and bystander effect in
pulmonary microbiota–host interactions
has proven mechanistically difficult. Our

translational findings—bacterial burden
predicts IPF progression, lung microbiota
are correlated with profibrotic alveolar
cytokines in patients with IPF, and GF
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Figure 3. After bleomycin exposure, lung dysbiosis precedes peak lung injury and persists until the development of fibrosis. Adult (8–10 wk old) mice

(C57BL/6) were challenged with bleomycin, after which their lung microbiota were quantified using droplet digital PCR and characterized using 16S rRNA

gene sequencing. (A–C) After bleomycin instillation, acute inflammation peaks within 1 day were reflected in increased alveolar concentrations of inflammatory

cytokines TNF-a (A) and IL-17 (B). Peak lung injury does not occur until 7 days after instillation (C). (D) Total bacterial burden in BAL fluid is unchanged in the

week after bleomycin exposure. (E) Diversity of lung bacterial communities, as measured by community richness, increases after bleomycin and peaks before

peak lung injury. (F and G) The community composition of lung bacteria is altered acutely after bleomycin instillation, reflected in the relative enrichment

by the Firmicutes phylum (F) and principal component analysis (G). (H–M) At later time points, alterations in lung microbiota persist until the establishment of

pulmonary fibrosis at 21 days. (H and I) Bacterial DNA burden (H) and community richness (I) did not differ significantly at 21 days. (J and K) After bleomycin,

lung communities contained increased relative abundance of the Firmicutes phylum (J), with a nonsignificant but consistent decline in Bacteroidetes (K).

(L andM) Lung communities of bleomycin-treated mice were significantly distinct from those of untreated mice and remained altered until the establishment of

pulmonary fibrosis at 21 days. Significance was determined via ANOVA with the Holm-Sidak multiple comparisons test and the Kruskal-Wallis test with Dunn’s

multiple comparisons. OTUs = operational taxonomic units; TNF-a = tumor necrosis factor-a. *P , 0.05, ***P , 0.001, and ****P , 0.0001.
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animals are protected from mortality in a
model of pulmonary fibrosis—support the
hypothesis of a calibrated and causal
association between the lung microbiome,
lung immunity, and pulmonary fibrosis
progression.

There are several limitations to our
work. We report correlations between BAL
cytokines and microbiota in patients with
IPF; however, the number of patients in our
study is limited. Our IPF study cohort
represents a very well-characterized
observational trial cohort through which we
validated previous findings between disease
progression and pulmonary bacterial load in
IPF (12). Procedural and sequencing
contamination is always a concern in low-

biomass sequencing-based studies. Our
protocols are optimized to minimize
contamination, including the sequencing of
multiple procedural and reagent controls,
use of low-biomass protocols for DNA
extraction, and randomization of specimen
processing to minimize false grouping by
kit contamination. We randomized the
selection of our animals, recorded cage
numbers for multivariable statistical
modeling, and controlled diet and
environment. However, confounding
cannot be completely excluded.

We acknowledge additional limitations
to our animal modeling. The bleomycin
model does not recapitulate all features of
human disease. However, a recent statement

supports the use of bleomycin as the best
characterized preclinical model available
for IPF studies (49). Bleomycin is a
glycopeptide antibiotic with antimicrobial
efficacy against gram-positive bacteria.
However, we do not see significant loss
of gram-positive bacteria in exposed mice;
in fact, we see progressive enrichment of
the gram-positive Firmicutes phylum
after exposure. Our control exposure
(oropharyngeal saline instillation) likely has
an effect on lung bacteria via immigration
of pharyngeal microbiota. Future studies
should include longitudinal sampling of
animals after saline treatment to determine
the relative contributions of bleomycin and
aspiration to the sustained disruption of
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inflammation. (A) Compared with conventional mice, GF mice were protected from mortality after bleomycin. The survival difference emerged between
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lung bacteria in this model. Although our
acute phase microbiome comparisons were
performed using BALF (to facilitate
comparisons with alveolar cytokine and
total protein concentrations), our chronic
phase microbiome analysis was performed
using homogenized lung tissue (to
maximize the signal of bacterial DNA
and facilitate comparisons with tissue
hydroxyproline concentrations). Both tissue
types have been used successfully in
published murine lung microbiome studies
(27, 32, 50), but to our knowledge, there is
no published head-to-head comparison
using the same mouse-derived specimens.
For this reason, we restricted our
comparisons of taxonomy to specimens
collected using the same tissue type. GF
animal models are not representative of

human immunology, nor do they replicate
microbial conditions that are possible in
humans. Preclinical GF models provide a
tool for the study of potential mechanisms
through which lung microbiota may exert
an effect on disease pathobiology in the
host. Microbial exposures that contribute to
the developing immune response are absent
in GF models. Therefore, observations may
be related to these immune deficiencies or
to developmental differences. Future work
will involve exploring the nature of the
immune response to injury and fibrosis in
monocolonized and conventionalized
mouse models.

In conclusion, we provide evidence
supporting the link between altered lung
microbiota, alveolar inflammation, and
disease progression in pulmonary fibrosis,

and we provide the first causal evidence
that the microbiome participates in
the pathogenesis and mortality of
fibrotic lung disease. Future work will
determine if host–microbiome interactions
may be harnessed and leveraged for
novel therapeutic strategies in pulmonary
fibrosis and other forms of chronic lung
disease. n
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