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Abstract

Rationale: Changes in the respiratory microbiome are associated
with disease progression in idiopathic pulmonary fibrosis (IPF). The
role of the host response to the respiratory microbiome remains
unknown.

Objectives: To explore the host–microbial interactions in IPF.

Methods: Sixty patients diagnosed with IPF were prospectively
enrolled together with 20 matched control subjects. Subjects
underwent bronchoalveolar lavage (BAL), and peripheral whole
blood was collected into PAXgene tubes for all subjects at
baseline. For subjects with IPF, additional samples were taken at 1, 3,
and 6 months and (if alive) 1 year. Gene expression profiles were
generated using Affymetrix Human Gene 1.1 ST arrays.

Measurements and Main Results: By network analysis of gene
expression data, we identified two gene modules that strongly
associated with a diagnosis of IPF, BAL bacterial burden (determined
by 16S quantitative polymerase chain reaction), and specific

microbial operational taxonomic units, as well as with lavage and
peripheral blood neutrophilia. Genes within these modules that are
involved in the host defense response include NLRC4, PGLYRP1,
MMP9, and DEFA4. The modules also contain two genes encoding
specific antimicrobial peptides (SLPI and CAMP). Many of these
particular transcripts were associated with survival and showed
longitudinal overexpression in subjects experiencing disease
progression, further strengthening the relationship of the transcripts
with disease.

Conclusions: Integrated analysis of the host transcriptome
and microbial signatures demonstrated an apparent host
response to the presence of an altered or more abundant
microbiome. These responses remained elevated in longitudinal
follow-up, suggesting that the bacterial communities of the lower
airways may act as persistent stimuli for repetitive alveolar injury
in IPF.
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Idiopathic pulmonary fibrosis (IPF) is a
progressive disease of unknown etiology
with a 5-year survival rate of only 20% (1).
Current evidence suggests that IPF develops
in genetically susceptible individuals with
dysfunctional alveolar epithelial repair
mechanisms after repeated episodes of
alveolar injury (2). Although understanding
of both the underlying genetics and
potential environmental stimuli causing
alveolar injury have progressed over recent
years, the link between the two remains
unclear (3).

Active infection in IPF is known
to carry high morbidity and mortality
rates (4). In individuals with IPF,
immunosuppression is clearly deleterious
(5), whereas treatment-adherent subjects in
a large trial in which researchers assessed
prophylactic co-trimoxazole in IPF
experienced a reduction in overt infections
and mortality (6). Results of recent
transcriptomic studies have hinted at the
role of disordered host defense, and thus
susceptibility to infection, as an important
contributor to disease progression in IPF
(7–9). Indeed, polymorphisms within two
genes—Toll-interacting protein (TOLLIP)
and mucin 5B (MUC5B)—have both
recently been associated with IPF
susceptibility and linked to alterations in
the lung immune response (10, 11).

To date, the most significant genetic
association with IPF is with MUC5B
polymorphisms, which have been linked to
higher IPF risk but, paradoxically, slower
disease progression (8). In mice, the role
of Muc5b appears essential for normal
macrophage function and effective
mucociliary clearance of bacteria (12), and
evidence is building to suggest a similar role
in humans. Impaired mucociliary clearance
would allow bacteria to persist in the lower
airways, potentially acting as a trigger for
alveolar injury. Indeed, the recent
characterization of the respiratory
microbiome in IPF has suggested that an
increased bacterial burden and the presence
of specific organisms could drive disease
progression (13, 14). The TOLLIP gene
encodes an adaptor protein, an important
regulator of innate immune responses
mediated through pattern recognition
Toll-like receptors. Polymorphisms in the
TOLLIP genes have now been linked to
both IPF susceptibility and mortality (11).

Although these observations
strengthen the epidemiological argument
that infective environmental factors may
be integral to the pathogenesis of IPF in
genetically susceptible individuals, to date
there has been no assessment of the
host–microbial interaction. We therefore
set out to explore in individuals with IPF
the relationship between the peripheral
whole-blood transcriptome, MUC5B and
TOLLIP genotypes, and the respiratory
microbiome. We used unbiased network
analysis to cluster similarly expressed genes
into modules, allowing us to dissect large
transcriptomic datasets into easy-to-
interpret functional clusters. Some of these
data were previously presented in abstract
form (15).

Methods

Study Design
Patients were prospectively recruited from
the Interstitial Lung Disease Unit at the
Royal Brompton Hospital, London, United
Kingdom, between November 2010 and
January 2013. Diagnoses of IPF were made
according to international guidelines (16)
after multidisciplinary team discussion.
Healthy control subjects, including
nonsmokers and smokers, were recruited
using the same protocols. Subjects were
excluded if they had a history of self-
reported upper or lower respiratory tract

infection, antibiotic use in the prior 3
months, acute IPF exacerbation, or other
respiratory disorders. Written informed
consent was obtained from all subjects, and
the study was approved by the local
research ethics committee (reference
numbers 10/H0720/12 and 12/LO/1034).

After recruitment, patients were
reassessed in the clinic at 1, 3, 6, and
12 months. At baseline and at each
subsequent visit, peripheral blood samples
were collected into PAXgene RNA
tubes (PreAnalytiX, Hombrechtikon,
Switzerland). Pulmonary function testing
was performed at baseline and at 6 and 12
months. At baseline, subjects underwent
fiberoptic bronchoscopy with
bronchoalveolar lavage (BAL) as previously
described (17). Genomic DNA was
extracted, and the V3–V5 region of the
bacterial 16S ribosomal RNA (rRNA) gene
was amplified using the 357F forward
primer and the 926R reverse primer for 16S
quantitative polymerase chain reaction as
previously described (17).

Genotyping
Genotypes of the MUC5B SNP rs35705950
and TOLLIP SNPs rs3750920 and
rs5743890 were determined using TaqMan
assays (Life Technologies, Carlsbad, CA).
Reactions were performed in 384-well
plates, and fluorescence was read using a
ViiA 7 Sequence Detection System
(Applied Biosystems, Foster City, CA).

RNA Extraction, Quality Assessment,
and Expression
The PAXgene Blood RNAKit (PreAnalytiX)
was used to isolate RNA according to the
manufacturer’s protocol. Total RNA was
quantified using the NanoDrop ND 1000
UV-Vis spectrophotometer (Thermo
Scientific, Wilmington, DE), and the quality
and integrity were assessed using the 2100
Bioanalyzer (Agilent Technologies, Santa
Clara, CA) by ratio comparison of the 18S
and 28S rRNA bands.

Thirty nanograms of each RNA sample
was used to synthesize double-stranded
complementary DNA (dscDNA) using the
Ovation PicoWTA System V2 Kit (NuGEN,
San Carlos, CA). Exogenous poly(A)-
positive control subjects were added to
monitor the efficiency of the synthesis of the
dscDNA and target-labeling process. The
Encore Biotin Module Kit (NuGEN) was
used to fragment 2.8 µg of the purified
cDNA template, which was then

At a Glance Commentary

Scientific Knowledge on the
Subject: Idiopathic pulmonary
fibrosis (IPF) is a progressive and fatal
disease of unknown cause. Changes in
the respiratory microbiome and
bacterial burden have been associated
with disease progression in IPF. The
role of the host response to the
respiratory microbiome remains
unknown.

What This Study Adds to the
Field: Integrated analysis of the host
transcriptome and microbial
signatures demonstrates an interaction
between host and environment in IPF.
The response to an altered and more
abundant microbiome remains during
longitudinal follow-up, suggesting that
the bacterial communities of the lower
airways may act as persistent stimuli
for repetitive alveolar injury in IPF.
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hybridized, washed, and scanned on the
GeneTitan system (Affymetrix, Santa Clara,
CA) using Human Gene 1.1 ST 16- or
24-sample array plates (Affymetrix). The
complete data sets are available in the Gene
Expression Omnibus database (www.ncbi.
nlm.nih.gov/bioproject/PRJNA361279).

Host Transcriptome Analysis
Raw expression data were background
adjusted, quantile normalized, and median
polished using the robust multiarray average
algorithm as implemented in the Affymetrix
Power Tools software suite (version 1.12.0).
To identify differentially expressed genes
between each pair of sample groups, we used
the linear models for microarray data
(limma) package and applied a single
contrast between samples at different time
points and the zero time point. Significance
analysis of microarrays was used to test
the association between microarray gene
expression and survival in patients with IPF.
P values were adjusted for multiple
testing using the Benjamini-Hochberg
method for control of the expected
false discovery rate (FDR). Genes with
significant differential expression were
then selected by use of a cutoff of an
FDR-adjusted P value and fold change
(FC) in the level of expression.

WGCNA (Weighted Gene Co-
expression Network Analysis) was used
to discover correlation patterns among
differentially expressed genes (18). Groups
of transcript modules exhibiting high
topological overlap were identified. A
minimum module size of 40 was specified.
A representative variable (module
eigengene) was calculated for each module
as the first principal component (19).
WGCNA was conducted using R version
3.0.2 software (Bioconductor; www.
bioconductor.org).

Module eigengenes generated from
WGCNA were correlated with phenotypic
and microbial traits of interest. Genes in
each cluster were analyzed using the
Database for Annotation, Visualization
and Integrated Discovery (20) with the
stringency level set to medium to allow
functional annotation clustering and Gene
Ontology (GO) term enrichment analysis.
Cytoscape 3.2.158 was used to visualize the
network with a prefuse force-directed
layout (21). Survival analysis was
performed with a Cox proportional hazards
model to assess the association between
continuous explanatory variables and

overall survival. The statistical significance
of association of variables with a diagnosis
of IPF was assessed using stepwise
backward logistic regression to select the
most parsimonious model from among
potential covariates.

Results

Subjects and Sampling
Sixty patients with IPF and 20 control
subjects (Table 1) were enrolled into the
study. The subjects with IPF were
predominantly male (65%), their mean age
was 67.8 years, and they had moderately
severe disease (diffusing capacity of the
lung for carbon monoxide [DLCO], 40.9%
predicted; FVC, 73.4% predicted). Twenty-
four subjects with IPF died during follow-
up, and a further 13 experienced a decline
in FVC less than or equal to 10% and/or
a decline in DLCO less than or equal to
15% over a 6-month period (see Figure E1
in the online supplement). None of the
subjects with IPF were receiving
immunosuppressive therapy. The 20
control subjects were matched for age, sex,
and smoking history, and there were no
significant differences between cohorts.
Half of the subjects with IPF were sampled
longitudinally, with 30 subjects sampled at
time point 1 (1 mo), 29 subsequently
sampled at time point 2 (3 mo), 30 sampled
at time point 3 (6 mo), and 21 of the 30
sampled at time point 4 (1-year sample).

Respiratory Microbiome
All of the subjects underwent BAL, and we
previously reported the differences between
the microbiota of subjects with IPF with

those of age-, sex-, and smoking
status–matched control subjects (13). We
found a twofold increase in bacterial
burden in the lavage of subjects with IPF
and significant differences in a number
of bacterial operational taxonomic units
(OTUs) compared with control subjects.
There were 464 bacterial OTUs identified
across the IPF and control subjects.
Subjects with IPF had sequence reads of
four OTUs—a Haemophilus sp., a Neisseria
sp., a Streptococcus sp., and a Veillonella
sp.—significantly higher than in control
subjects. The impact of these OTUs on
the host transcriptome was therefore
investigated further.

Baseline Gene Expression
At baseline, 1,358 transcript clusters were
found to be differentially expressed between
subjects with IPF and control subjects (1%
FDR). GO analysis revealed that the top GO
biological processes most enriched within
the transcript clusters were related to host
defense and stress (Table E1).

The five top differentially expressed
genes were thioredoxin (TXN; FC, 2.2; P =
2.753 1029), cystatin A (CSTA; FC, 2.1;
P = 5.813 1029), chemokine-like factor
superfamily member 2 (CMTM2; FC, 1.7;
P = 1.783 1028), S100 calcium binding
protein A12 (S100A12; FC, 1.94; P = 8.753
1028), and retinol binding protein 7 (RBP7;
FC, 1.86; P = 1.453 1026) (Table E2). The
largest FC observed within the differentially
expressed genes was 3.62 for ORM1. Two
other notable genes with large FCs in
expression were specific antimicrobial
peptides: secretory leukocyte peptidase
inhibitor (SLPI; FC, 2.29; P = 7.053 1025)
and cathelicidin antimicrobial peptide

Table 1. Baseline Characteristics of the Subjects

IPF (n = 60) Control Subjects (n = 20)

Age, yr 67.86 8 66.06 10.0
Female sex, n (%) 39 (65) 12 (60)
Smoker (ever), n (%) 41 (68) 12 (60)
FVC, % predicted 73.46 21 NR
FEV1, % predicted 74.36 19 NR
Ratio of FEV1 to FVC 81.26 7 NR
DLCO, % 40.96 16 NR
O2 saturation, % 956 2 976 4
6-min-walk distance, m 3216 134 NR

Definition of abbreviations: DLCO = diffusing capacity of the lung for carbon monoxide; IPF = idiopathic
pulmonary fibrosis; NR = not recorded.
Details are provided for subjects with IPF and healthy control subjects. Data are mean6 SD unless
otherwise indicated.
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(CAMP; FC, 2.11; P = 3.03 1024). Up-
regulation of two transcripts previously
associated with IPF—MMP9 and defensin
alpha 4 (DEFA4)—was also seen (Table 2).

Next the 1,358 differentially expressed
transcript clusters identified were included
in a signed WGCNA (18). A total of five
modules were identified and assigned a
unique color-coded identifier: turquoise
(containing 690 members), blue (289
members), brown (186 members), yellow
(131 members), or green (54 members).
Eight transcript clusters were unassigned.

Transcriptome and Microbial
Association Analysis
To explore the specific clinical contribution
of each module, correlations were sought
between the module eigengenes (the first
principal component of gene expression
profiles for each module) (Figure E2),
microbial OTUs of interest, and the
phenotypic data (Figure 1). Using this
approach, the brown, blue, and green
modules showed the highest positive
correlation with the IPF phenotype,
whereas the turquoise and yellow modules
were negatively correlated with the
presence of disease.

Network modules often derive from
specific cell types (18), providing further
insights into pathogenesis. The blue and
green network modules were strongly
associated with peripheral blood

neutrophil counts (P, 0.0001), whereas
the turquoise module related to
lymphocyte counts (Figure 1), suggesting
neutrophil and lymphocyte origins,
respectively, of these networks. The brown
module was more weakly associated with
neutrophil counts (P = 0.05) and
marginally associated with platelet
numbers (P = 0.06) The WGCNA
userListEnrichment function (22)
confirmed these findings, demonstrating
the blue module to be highly enriched for
known neutrophil markers (P, 0.001),
whereas the turquoise module was
enriched for markers related to
lymphocytes (P, 0.01), and the brown
module was enriched for platelet markers
(P, 0.01).

The modules showed individual
correlations to distinctive features of the
disease, particularly the BAL bacterial
burden (determined by 16S quantitative
polymerase chain reaction), the abundance
of Neisseria and Veillonella OTUs (both
elevated in cases of IPF), and BAL and
blood neutrophilia (Figure 1). There were
no associations between host gene
expression or MUC5B or TOLLIP genotype
(Figure 1 and Figure E3).

The blue and the green modules
correlated with measurements of the
bacterial microbiome. The blue module
showed the strongest negative correlation
with survival (P = 53 1024), accompanied

by a strong positive correlation with
declines in FVC (P = 0.001), DLCO (P =
0.02), and Composite Physiological Index
(P = 53 1024). The module was positively
correlated with increased neutrophilia in
BAL (P = 93 1024) and blood (P = 23
1027) as well as a higher BAL bacterial
burden (P = 0.04). It was negatively
correlated with the abundance of the
Neisseria OTU (P = 0.02). There was no
difference in abundance of the Neisseria
OTU between those with stable disease
and those with progressive disease. The
blue module remained significantly
associated with a diagnosis of IPF (P,
0.001) when the peripheral neutrophil
counts were included as a covariate in a
logistic regression, indicating that it was
not acting as a simple surrogate for cell
counts.

The top three GO biological processes
enriched within the blue module were
GO:0006952 (defense response; P = 3.53
1024), GO:0009617 (response to
bacterium; P = 1.683 1026), and
GO:0006955 (immune response; P =
0.003). Consistent with these GO
enrichments, highly connected genes
(hubs) in the blue module included
ALOX5 (P = 2.373 10231), NLRC4 (P =
5.973 10226), IL1R1 (P = 7.033 10225),
PGLYRP1 (P = 8.323 10225), and TGFA
(P = 8.403 10227) (Figure 2). The module
also contained SLPI (P = 1.063 10214),

Table 2. The Top 20 Transcript Clusters Significant at a 1% False Discovery Rate Ordered by Fold Change

Gene Name Avg Expr t Statistic P Value B-H–Adjusted P Value Absolute Fold Change

ORM1 5.56 6.68 2.793 1029 3.613 1026 3.62
DEFA4 6.62 3.69 0.0004 0.0051 3.04
CD177 5.66 4.63 1.393 1025 0.0006 2.52
ARG1 5.09 4.02 0.0001 0.0027 2.29
SLPI 7.69 5.56 3.413 1027 7.053 1025 2.29
MMP9 7.75 4.79 7.423 1026 0.0004 2.28
RNASE3 6.49 4.17 7.613 1025 0.0019 2.26
TXN 7.80 8.80 1.963 10213 2.753 1029 2.22
BCL2A1 6.50 6.03 4.583 1028 2.013 1025 2.19
TNFAIP6 6.85 4.93 4.373 1026 0.0003 2.15
SNORD64 4.68 24.86 5.573 1026 0.0003 22.11
ANXA3 7.23 5.38 7.123 1027 0.0001 2.11
CAMP 7.24 4.78 7.823 1026 0.0004 2.11
CSTA 8.41 8.48 8.273 10213 5.813 1029 2.06
HP 5.51 4.11 9.293 1025 0.0021 2.05
CLEC4D 5.87 5.18 1.583 1026 0.0001 2.02
SUB1 7.32 5.37 7.233 1027 0.0001 2.01
OLFM4 4.80 2.88 0.005 0.0301 2.00
PGLYRP1 7.64 5.72 1.713 1027 4.543 1025 1.99
RPL26 8.92 5.64 2.423 1027 5.663 1025 1.97

Definition of abbreviations: Avg Expr = average log2-adjusted expression level for that gene across all the arrays; B-H =Benjamini-Hochberg.
The highest fold change in complete set of differentially expressed genes (n = 1,358) was 3.62.
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CAMP (P = 1.653 10210), and ORM1
(P = 2.203 10216) (Table E4). NLRC4,
SLPI, and ORM1 all remained significantly
associated with a diagnosis of IPF
(P = 0.001, P = 0.05, and P, 0.001,
respectively) when we adjusted for
covariates, including bacterial burden, in a
logistic regression.

The green module was significantly
associated with BAL and peripheral blood
neutrophilia, but, in contrast to the blue
module, it showed a strong association with
higher proportions of the Veillonella OTU
within the BAL microbiota (P = 0.001). The
top GO biological process associated with
the module was response to bacterium
(GO:0009617). Highly connected nodes
within the green module included ZNF267
(P = 6.763 10230), the antigen-presenting
cell surface marker CD58 (P = 8.113
10230), NMI (P = 3.173 10228), BCL2A1
(P = 3.693 10228), and LY96 (P = 5.083
10223).

The brown module demonstrated
strong associations with decline in lung
function, survival, and death, but it did not
associate with BAL neutrophilia or any

features of the microbiome (Figure E3 and
Table 1). This module contained many
genes from complex I of the mitochondrial
respiratory chain (NDUFA1, NDUFA6,
ATP5I, and ATP5E), as well as the
cytochrome c oxidase subunit COX7A2 and
two genes involved in modulating nuclear
factor (NF)-kB activation (COMMD6 and
TXNDC17) (Table E4).

In addition to its relationship with the
IPF phenotype, the turquoise module was
found to have a strong positive correlation
(P = 23 1024) with survival and a negative
correlation with decline in FVC (P = 33
1024), DLCO (P = 0.03), and death (P =
0.001) (Table 1 and Figure E3). The module
was associated with significantly lower BAL
bacterial burden (P = 0.04) and neutrophil
count in both BAL (P = 93 1024) and
blood (P = 13 1025). This finding, given
the strong positive association of this
module with peripheral blood
lymphocytosis (P = 33 1025), most likely
reflects relatively low numbers of peripheral
lymphocytes in patients with IPF compared
with the control subjects. The module
remained significantly associated with a

diagnosis of IPF (P = 0.023), however, when
the peripheral cell counts were included
as a covariate in a logistic regression.
Significant hub genes within the turquoise
module were CMTM1 (P = 1.243 10252),
LCK (P = 8.463 10251), EVL (P = 1.293
10250), RNF130 (P = 1.343 10250), and
NMI (P = 3.173 10228) (Table E4). The
yellow module showed similar negative
associations with IPF disease and with
blood neutrophilia, and it contained
many genes related to RNA processing
(Table E4).

Survival Analysis
Next, the expression profiles of subjects with
IPF were examined for differences based
upon survival to investigate for any overlap
with those identified by network analysis.
The significance analysis of microarrays
algorithm (23) was used to generate a Cox
score for each gene (Figure E4). A positive
Cox score indicates that higher expression
correlates with higher risk; in this case,
increased expression corresponds to shorter
survival, with the reverse being true for
negative scores. Increased expression of five

Figure 1. Associations between WGCNA (Weighted Gene Co-expression Network Analysis) modules and phenotypic traits. Positive correlations are
shown in red, and negative correlations are shown in blue. *P, 0.05; **P, 0.01; ***P, 0.001. BAL = bronchoalveolar lavage; Corr Coef = correlation
coefficient; IPF = idiopathic pulmonary fibrosis; MUC5B =mucin 5B; TOLLIP1 = Toll-interacting protein 1; TOLLIP2 = Toll-interacting protein 2.
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genes (genes with a Cox score >2.5) and
decreased expression of 29 genes (genes
with a Cox score less than or equal to22.5)
were found to correlate with survival at an
FDR less than 1% (Table E3). In the IPF
cohort, higher expression of TST, SLPI,
GALK1 (all members of the WGCNA blue
module), PVALB, and GALNT14 all
correlated with decreased survival, whereas
higher expression of 29 genes, including
CD247 (T-cell receptor zeta), PRKCH, and

SNORD78, correlated with a longer survival
(see online supplement).

Longitudinal Changes
Longitudinal expression profiles over 12
months were then constructed for the most
significant genes and all hub genes within
each module. Having identified a number of
gene transcripts that associate with the IPF
phenotype and correlate with bacterial
burden and a neutrophilic lavage signal, we

used these longitudinal constructs to
establish if there was any change in the level
of expression of these transcripts over time
(Figure 3). No significant changes in
expression values from baseline to 1 month
were seen for any of the transcripts studied.
The rate of gene expression change (D) over
12 months, however, demonstrated that
expression of MMP9, CAMP, DEFA4,
NLRC4, and TXN all increased in the IPF
cohort as a whole. The most significant
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Figure 2. Visualization of the most highly connected nodes in the blue module. For improved clarity, only those nodes with the highest module
memberships are considered (up to a maximum of 40), and only those connections with a topological overlap greater than 0.025 are shown. Cytoscape
3.2.158 was used to visualize the network with a prefuse force-directed layout. Genes are represented by nodes of different colors, with colors
corresponding to degree (green to red indicating low to high). Edge thickness is proportional to the strength of the association.
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increases were seen in MMP9 expression
levels (D = 0.65), with substantial increases
in expression also observed for TXN
(D = 0.39) and DEFA4 (D = 0.36). The
expression levels of LCK dropped in the IPF
cohort over 12 months (D =20.31),
whereas those of SLPI, COMMD6, and
POLYGPR remained stable.

Next, the subjects with IPF were
dichotomized into progressive (defined as
6-month decline in FVC> 10% or decline
in DLCO> 15% or death) and stable disease
cohorts, and longitudinal expression
profiles were again constructed (Figure 4).
The direction of gene expression change in
all of the genes was the same for both stable
and progressive IPF. The absolute
expression levels, however, varied

depending on the nature of the disease.
Expression levels of LCK (P = 0.016) and
STAT4 (P = 0.008) were higher in stable IPF
at all time points, whereas the expression
levels of MMP9 and SLPI were increased at
all time points in progressive disease
compared with stable disease (P = 0.05 and
P = 0.008, respectively).

Discussion

The integration of molecular microbial,
BAL, phenotypic, and transcriptomic data
has highlighted interactions between the
environment and host in IPF.We and others
previously demonstrated that changes in the
respiratory microbiome are associated with

disease progression in IPF. In the present
study, we have demonstrated associated
changes in the peripheral blood expression
profile, suggesting that there is a host
response to the presence of an altered or
more abundant microbiome. These
responses remained elevated in longitudinal
follow-up and differed between stable and
progressive disease, suggesting that the
bacterial communities of the lower airways
may act as persistent stimuli for repetitive
alveolar injury.

By network analysis, we discovered
five gene modules of transcripts with
coregulated expression levels. Genes
within the blue and green modules were of
particular interest, being involved in the
host defense response. Many transcripts
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Figure 3. Expression values over time in genes of interest. The expression of MMP9, CAMP, DEFA4, NLRC4, and TXN increased over time. LCK
expression decreased. There was no significant change in the expression levels of SLPI, COMMD6, and POLYGPR over the 12-month period.
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were associated with poor survival and
remained overexpressed in subjects
experiencing disease progression,
strengthening their association with IPF.

The blue module showed the strongest
negative correlation with survival in IPF,
driven by a decline in lung function, and was
positively correlated with increased BAL
and blood neutrophilia as well as a higher
BAL bacterial load. It was negatively
correlated with the abundance of the
Neisseria OTU, so overexpression of the
genes within this module was associated
with an underrepresentation of a Neisseria
sp. within the microbiota of subjects
with IPF.

One of the most highly connected hubs
identified within the blue module was
NLRC4. NLRC4 encodes a key component
of inflammasomes that plays a crucial role
in the host response to proteins from
pathogenic bacteria and fungi (24).
PGLYRP1, another member of the blue
module, encodes a novel antimicrobial
protein with bactericidal activity against
gram-positive bacteria (25). In addition,
within the blue module, two genes
encoding antimicrobial peptides (SLPI and
CAMP) were significantly upregulated with
large (2.29 and 2.11) FCs. SLPI is a serine
protease inhibitor with antimicrobial
properties found in mucosal fluids. SLPI

has been shown to regulate intracellular
enzyme synthesis, suppress matrix
metalloproteinase production and activity,
mediate normal wound healing, and
prevent scar formation (26). Transforming
growth factor-b activation by serine
proteases is a possible pathogenic
mechanism in IPF, and SLPI tightly
regulates these protease inhibitors. In a
bleomycin-induced pulmonary fibrosis
model, SLPI-knockout mice demonstrate
altered collagen deposition (27). In the
present study, SLPI was overexpressed in
subjects with IPF compared with control
subjects, and the higher expression
correlated with worse survival. At all times,
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Figure 4. Expression values over time in genes of interest in stable and progressive idiopathic pulmonary fibrosis. The trend of change is the same in
progressive and stable disease, but the absolute expression levels vary depending on disease state.
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the expression levels were higher in patients
with progressive disease, although the
expression levels of SLPI remained constant
over the 12 months of follow-up.

CAMP protein has several functions in
addition to antimicrobial activity, including
cell chemotaxis, immune mediator
induction, and inflammatory response
regulation. CAMP gene expression has
already been demonstrated to be up-
regulated in peripheral blood in subjects
with “severe” compared with “mild”
IPF (28).

Within the blue module,
overexpression of two genes (MMP9 and
DEFA4) previously widely associated with
IPF was also observed (29, 30). There was a
threefold increase in expression of DEFA4
in subjects with IPF compared with healthy
control subjects. Defensins are a family of
microbiocidal and cytotoxic peptides
involved in host defense. They are
abundant in the granules of neutrophils and
found in the bronchial epithelium. Subjects
with IPF are known to have significantly
increased concentrations of a-defensins in
their plasma but not in BAL. Indeed, the
plasma levels of a-defensins have been
shown to correlate inversely with PaO2

,
FVC, FEV1, and DLCO in patients with IPF
(31). Plasma levels of a-defensins have also
been demonstrated to be elevated in (32),
and to correlate with, the clinical course of
acute exacerbations in IPF (31). The role of
a-defensins in fibrosis is further confirmed
in patients with chronic hepatitis C, in
whom the a-defensin levels and
antibacterial activity correlate directly with
the liver fibrosis that occurs (33).

The green module associated with the
IPF phenotype but, in addition, had a strong
association with higher proportions of the
Veillonella sp. OTU, accompanied by
elevated BAL and peripheral blood
neutrophilia. One of the most highly
connected genes (hubs) within the green
module was CD58, which encodes a protein
that plays a role in adhesion and activation
of T lymphocytes during antigen
presentation. The highly connected module
gene LY96 encodes a protein that associates
with Toll-like receptor 4 on the cell surface
and confers responsiveness to LPS,
providing a potential mechanistic link
between microbial exposure and the actions
of this module.

The third module associated with a
diagnosis of IPF, the brown module, in the
present study appears to be related to

cellular metabolism, in particular RNA
metabolism and the citrate (trichloroacetic
acid) cycle. This network shows weak
associations with circulating neutrophils
and possibly platelets and no association
with the microbiome. It is not clear if its
involvement reflects the metabolic response
to a neutrophil activation and the presence
serious illness or whether it captures some
pathological process. Within the brown
modules, there are two genes involved in
modulating NF-kB activation, COMMD6
and TXNDC17. NF-kB regulates a large
number of genes involved in cell survival,
differentiation, proliferation, apoptosis,
and inflammation (34). Consequently,
it is a key transcriptional regulator of the
inflammatory response (35) and mediates
the activity of tumor necrosis factor-a.
On the basis of data generated in the
bleomycin mouse model of fibrosis, it is
believed that NF-kB plays a central role
in the pathogenesis of lung injury and
fibrosis (36).

The remaining modules (turquoise and
yellow) were associated with the healthy
phenotype, more stable lung function, and
better survival. This improved survival was
associated with significantly lower BAL
bacterial burden. LCK is one of the most
connected genes in the turquoise module
and encodes a protein that is a key signaling
molecule in the selection and maturation of
developing T cells. Researchers in a prior
study found that patients with IPF with
higher levels of peripheral LCK had a
longer survival time to transplant (37). The
expression levels of LCK in the present
study dropped in the IPF cohort as a whole
over a 12-month period and were higher in
patients with stable IPF at all time points,
supporting the association of a lower
expression level and worse survival. In this
study, higher levels of LCK expression were
associated with lower bacterial burden and
improved survival. The yellow module was
notably enriched for processes involved in
chromosome and chromatin organization,
and it was not associated with a specific
cell count or enrichment for cell-specific
markers. It may represent immune cellular
inactivity in healthy subjects.

In this study, the 3-year follow-up and
sampling allowed us to demonstrate, for the
first time to our knowledge, the longitudinal
expression profile of peripheral blood in
subjects with IPF. We observed no
significant changes in expression values
from baseline to 1 month for any of the

transcripts studied, though this study was
not specifically powered to assess this. The
rate of gene expression change over 12
months demonstrated that expression levels
of the genes MMP9, CAMP, DEFA4,
NLRC4, and TXN all increased in the IPF
cohort as a whole. The expression levels of
LCK dropped in the IPF cohort over 12
months, whereas those of SLPI, COMMD6,
and POLYGPR remained stable.
Dichotomizing the cohort into progressive
and stable disease allowed comparison of
longitudinal expression profiles. The
direction of gene expression change in all of
the genes was the same for both stable and
progressive IPF. The absolute expression
levels, however, varied depending on the
nature of the disease. These longitudinal
changes not only help support the
differential baseline expression findings,
providing validation of the signature, but
also give confidence that these signatures
could potentially be used as biomarkers at
any stage of the disease process.

Despite the up-regulation of a number
of potent antimicrobial factors, individuals
with IPF still have an increased bacterial
burden and altered microbiome compared
with healthy individuals. Longitudinal
microbial studies are needed to further
elucidate the interaction between host and
microbe. It is important to consider several
other limitations of our study. Direct
comparisons of longitudinal changes
between subjects with IPF and healthy
subjects were not feasible, owing to
longitudinal healthy control samples not
being available.

In the present study, we used WGCNA
to identify coregulated processes that are
qualitatively quite different from those
derived from simple dimension reduction
techniques such as principal component
analysis (38). Although the results are
consistent with a hypothesis that chronic
infection drives IPF, it should be recognized
that correlation between expression and
microbial signatures does not establish
causality. Importantly, gene expression
changes in the peripheral blood may not
directly reflect events in the lung
parenchyma. Reassuringly, the blue and
green neutrophil-associated modules in
peripheral blood were also associated with
BAL neutrophilia and with BAL bacterial
burden and the Veillonella sp. OTU counts.
Future experimental work is required to
refine these findings with lung parenchymal
expression profiles.
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In the present study, we investigated
host gene expression and known genotypes
associated with IPF. We did not assess
for the effect of epigenetic regulators
such as DNA methylation, histone
modifications, and noncoding RNAs (39),
which in future studies may provide more
insight into the regulation of host
expression in response to environmental
factors. Finally, larger studies with more
ethnically diverse populations would be

of great interest to establish the relevance
and reproducibility of the findings in
general IPF populations.

In summary, integrated analysis of the
host transcriptome and microbial
signatures has demonstrated, for the first
time to our knowledge, an interaction
between host and environment in IPF,
supporting a potential pathogenic role for
the lung microbiome in IPF. The bacterial
communities of the lower airways may act

as persistent stimuli for repetitive alveolar
injury; however, the observed associations
are insufficient to determine causality.
Interventional studies with antibiotics or
other measures able to alter the
microbiome are required to further
determine the clinical relevance of these
findings. n

Author disclosures are available with the text
of this article at www.atsjournals.org.
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