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Abstract

Rationale: Chronic hypersensitivity pneumonitis (CHP) is caused
by an immune response to antigen inhalation and is characterized by
variable histopathological and clinical features. A subset of subjects
with CHP have usual interstitial pneumonia and appear to be
clinically similar to subjects with idiopathic pulmonary fibrosis (IPF).

Objectives: To determine the common and unique molecular
features of CHP and IPF.

Methods: Transcriptome analysis of lung samples from CHP
(n=82), IPF (n =103), and unaffected controls (n=103) was
conducted. Differential gene expression was determined adjusting for
sex, race, age, and smoking history and using false discovery rate to
control for multiple comparisons.

Measurements and Main Results: When compared with controls,
we identified 413 upregulated and 317 downregulated genes in
CHP and 861 upregulated and 322 downregulated genes in IPF.

Concordantly upregulated or downregulated genes in CHP and

IPF were related to collagen catabolic processes and epithelial
development, whereas genes specific to CHP (differentially expressed
in CHP when compared with control and not differentially expressed
in IPF) were related to chemokine-mediated signaling and immune
responsiveness. Using weighted gene coexpression network analysis,
we found that among subjects with CHP, genes involved in adaptive
immunity or epithelial cell development were associated with
improved or reduced lung function, respectively, and that MUC5B
expression was associated with epithelial cell development. MUC5B
expression was also associated with lung fibrosis and honeycombing.

Conclusions: Gene expression analysis of CHP and IPF
identified signatures common to CHP and IPF, as well as genes
uniquely expressed in CHP. Select modules of gene expression are
characterized by distinct clinical and pathological features of CHP.

Keywords: hypersensitivity pneumonitis; idiopathic pulmonary
fibrosis; gene expression profiling; transcriptome
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At a Glance Commentary

Scientific Knowledge on the
Subject: Chronic hypersensitivity
pneumonitis (CHP) is caused by an
immune response to antigen inhalation
and is characterized by variable
histopathological and clinical features.
A subset of subjects with CHP have
usual interstitial pneumonia and
appear to be clinically similar to
subjects with idiopathic pulmonary
fibrosis (IPF). However, the molecular
relationship between CHP and IPF is
not well understood, and little is known
about the relationship between gene
expression profile and clinical,
pathological, and radiological features.

What This Study Adds to the Field:
We report the first large transcriptional
analysis in CHP and IPF using
nonaffected controls and including
clinical, pathological, and radiological
features of disease. This transcriptional
analysis revealed that genes related to
collagen catabolism and epithelial
development were upregulated in both
CHP and IPF, whereas genes related to
cytokine or immune response were
specifically upregulated to CHP. We
also identified that genes involved in
adaptive immunity and epithelial
development were associated with
improved and reduced lung function,
respectively, and higher expression of
MUC5B mRNA was related to lower %
Dico and presence of fibrosis and
honeycombing in patients with CHP.

Hypersensitivity pneumonitis (HP) is

a diffuse interstitial lung disease that
results from repeated inhalation of and
sensitization to various antigens (1) and
appears to be driven by cell-mediated
immunity. HP is classified clinically as
acute, subacute, and chronic. The
histopathologic patterns in chronic HP
(CHP) include organizing pneumonia,
cellular nonspecific interstitial pneumonia
(NSIP), fibrotic NSIP, and usual interstitial
pneumonia (UIP). Specific histological
features of CHP include centrilobular
fibrosis, bridging fibrosis, organizing
pneumonia, bronchiolitis, granulomas, and
giant cells (2). The prognosis of CHP is
related to its histopathological patterns.

Subjects with CHP with cellular NSIP

or granulomatous bronchiolitis appear

to have a better transplant-free survival
than subjects with UIP, fibrotic NSIP, or
bronchiolocentric fibrosis pattern (2, 3).
Cases of CHP with UIP-like pattern tend to
have the worst prognosis and a course
similar to that observed in idiopathic
pulmonary fibrosis (IPF) (4). Similarities
between IPF and CHP can result in
clinically indistinguishable disease. For
example, 16% of patients with HP were
incidentally found to have HP at transplant
(5), and patients clinically diagnosed with
IPF are frequently found to have CHP on
reevaluation (6). Although antifibrotic
agents may provide benefit in some cases of
CHP (7, 8), identification and avoidance
of the inciting antigen(s) is a critical
intervention in CHP (9); therefore, the
distinction between IPF and CHP has
clinical relevance.

The development of CHP is believed to
be dependent on the intensity and duration
of exposure to specific antigens and on
the susceptibility of the host. One-fifth
of individuals who are exposed to bird
droppings develop bird fancier’s lung, and
up to 40% of fanciers are sensitized to
pigeon droppings (10). These results
suggest that genetic or immunological

triggers interact with specific exposures to
cause HP in a susceptible host. In fact, the
MUCS5B promoter variant rs35705950, the
strongest risk factor for the development of
IPF (11), has recently been reported to be
associated with the risk of CHP. This
genetic variant was also associated with
moderate to severe high-resolution
computed tomography (HRCT) evidence of
lung fibrosis in CHP (12).

However, the molecular relationship
between CHP and IPF is not well
understood. Better understanding of the
pathobiology of CHP could more easily
distinguish CHP from IPF and might
identify those individuals who would
benefit from exposure avoidance and
immunosuppression. Selman and colleagues
investigated gene expression signatures of
subjects with IPF and HP and found that
subjects with HP had upregulation of genes
associated with inflammation, T-cell
activation, and immune responses, whereas
the IPF signatures were characterized by the
expression of tissue remodeling, epithelial,
and myofibroblast genes (13). Horimasu
and colleagues also investigated gene
expression of nine subjects with CHP,
and pathways related to inflammatory
responses or autoimmune diseases were
differentially expressed compared with

Table 1. Clinical Characteristics of All Participants

Characteristic CHP (n=82)
Age, yr 59.4 +10.6
Sex n=281

M 38 (47)
F 43 (53)
Race n=75
Non-Hispanic white 59 (79)
Hispanic 10 (13)
Asian 4 (5)
Black 1(1)
Other 1(1)
Smoke n=73
Ever 33 (45)
Never 40 (55)
Sampling method
Surgical lung biopsy 26 (32)
Transplant 56 (68)
MUCS5B genotype
GG 52 (63)
GT 29 (35)
TT 12
Minor allele frequency 0.19

IPF (n=103) Control (h=103) P Value
60.3 +8.3 59.9 +10.2 0.98
n=103 n=103 0.23
57 (55) 45 (44)
46 (45) 58 (56)
n=101 n=103
85 (84) 87 (84) 0.055
7(7) 4 (4) —
2 (2) 3@ —
4 (4) 9 (9 —
3 @) 0 (0) —
n=95 n=96 0.9
40 (42) 43 (45)
55 (58) 53 (55)
0.51
36 (35) 41 (40)
67 (65) 62 (60)
<0.001
54 (52) 80 (78)
43 (42) 21 (20)
6 (6) 22
0.27 0.12 —

Definition of abbreviations: CHP = chronic hypersensitivity pneumonitis; IPF = idiopathic pulmonary

fibrosis.

Continuous variables are shown as mean = SD, and categorical variables are shown as n (%).

P values are provided among three groups.
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controls (14). To understand the common
and unique molecular features of CHP and
IPF, we conducted RNA sequencing using
lung tissue from study subjects with CHP,
study subjects with IPF, and unaffected
controls. We also explored the relationship
between distinct transcriptional signatures
of CHP and clinical, radiological, and
histopathological features of the disease.
Some of the results of these studies have
been previously reported in the form of an
abstract (15) and a preprint (http://
dx.doi.org/10.2139/ssrn.3514777).

Methods

Study Design, Participants, and
Sample Collection

We conducted a retrospective cohort
study that includes participants with CHP
enrolled at the University of California, San
Francisco (UCSF), National Jewish Health,
and the Lung Tissue Research Consortium
(LTRC). Baseline clinical information was
collected at the time of tissue sampling,
and information about treatment

with corticosteroid or immunosuppressant
(IS) was collected when they had their
biopsy or lung transplant. Azathioprine,
methotrexate, mycophenolate,

tumor necrosis factor antagonist,
cyclophosphamide, and azathioprine were
listed as IS, and use of corticosteroid is noted
separately from IS in this study. The
diagnosis of CHP and IPF was made by each
institution or consortia according to
accepted guidelines or by multidisciplinary
consensus using ATS criteria (16, 17).
Ninety-four subjects with CHP were
enrolled, and 12 subjects were excluded
because of low RNA integrity (RIN) scores.
One hundred three subjects with IPF and
103 unaffected control subjects were
frequency matched by age, sex, and race so
that distribution of these covariates is
similar across study groups from our lung
tissue repository that includes 309 IPF and
247 control samples from LTRC, UCSF,
Vanderbilt University, and Pittsburgh
University. Subjects were selected from
samples with RIN score above 5.
“Explanted control” lung samples were
provided from healthy subjects who were
potential donors but did not match regional
criteria for transplant. “Biopsy control” lung
samples were provided from histologically
normal lesions in resected lung cancer
specimens. Antigen exposure questionnaires
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for each institution are available from the
authors, and subject-level clinical data

are provided in Table El in the online
supplement. This study conformed to the
Declaration of Helsinki and was approved
by the Colorado Multiple Institution Board
15-1147.

Radiological and Histopathological
Scoring

Chest computed tomography scans
obtained before biopsy or transplant were
collected, then reviewed and scored in a
blinded fashion by an expert chest radiologist
(T.J.B.) using a structured radiology form.
The form included scoring for ground-
glass opacity, consolidation, reticulation,
traction bronchiectasis, honeycombing,
subpleural sparing, lymphadenopathy,
mosaic perfusion, air-trapping, emphysema,
cysts, and nodules, scored as absent (0) or
present (1). Predominance of lung involvement
was also scored as central/peripheral,
upper/middle/lower, and right/left/both-
sides.

All available samples were stained
with hematoxylin and eosin, then
reviewed and scored semiquantitatively in a
blinded fashion by an experienced lung
pathologist (C.D.C.) using a structured
pathology form. The form included
scoring for airway-centered chronic
inflammation/fibrosis, nonnecrotizing
granuloma, multinucleated giant cells,
peribronchiolar metaplasia, organizing
pneumonia, fibrosis, microscopic
honeycombing, fibroblastic foci, interstitial
lymphocytic inflammation, and germinal
centers, scored as absent (0), rare (1),
moderate (2), or marked (3) for each slide.
Airway-centered chronic inflammation/fibrosis
was defined as peribronchiolar fibrosis
with bronchiolar distortion or occlusion
by scarring and smooth muscle hyperplasia.
Confidence of HP diagnosis by
histopathology was defined as definite
(>95%), probable (50-94%), and possible
(<<50%). Pathological features were
described as present (1) or absent (0) for
association with gene expressions.

Table 2. Clinical Characteristics of Subjects with Chronic Hypersensitivity Pneumonitis

Characteristic Biopsy (n=26) Transplant (n=56) Total P Value
Age, yr 61.9+97 58.2+10.8 59.4 +10.6 0.15
Sex n=26 n=55 n=281 0.57

M 11 (42) 27 (48) 38 (47)
F 15 (58) 28 (52) 43 (53)
Smoke n=26 n=47 n=73
Ever 17 (65) 23 (49) 40 (55) 0.18
Never 9 (35) 24 (51) 33 (45) —
Institution <0.001
LTRC 24 (92) 14 (25) 38 (46)
UCSF 2 (8) 34 (61) 36 (44)
NJH 0 (0) 8 (14) 8 (10)
MUCS5B genotype 0.32
GG 16 (62) 36 (64) 52 (63)
GT 9 (35) 20 (36) 29 (35)
TT 1) 0 (0) 1(1)
Minor allele frequency 0.217 0.179 0.189 —
Antigen exposure n=26 n=48 n=74
Bird 8 (31) 16 (34) 24 (33) 1
Feather 13 (50) 11 (23) 24 (33) 0.036
Mold 12 (46) 15 (32) 27 (36) 0.32
Multiple antigens 11 (42) 9 (16) 20 (27) <0.001
Unknown 7 (27) 34 (61) 41 (55) 0.053
Medication n=26 n=48 n=74
Corticosteroid 7 (27) 27 (56) 34 (46) 0.027
IS 1) 12 (25) 13 (18) 0.025
Pulmonary function tests n=26 n=43 n=69
%FEV,4 84.5+24.0 46.6 +21.0 70.0+28.9 <0.001
%FVC 80.1x21.2 41.3+17.6 56.2 +26.8 <0.001
%DLco 59.3+215 25.0+9.1 40.8 +23.5 <0.001

Definition of abbreviations: 1S =immunosuppressant; LTRC =Lung Tissue Research Consortium;
NJH =National Jewish Health; UCSF = University of California, San Francisco.
Continuous variables are shown as mean = SD, and categorical variables are shown as n (%).
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RNA Extraction, Quality Assessment,
and Expression Profiling

Lung tissue was collected from all
participants either as a surgical lung biopsy
or at the time of lung transplantation. Lung
samples were stored in optimal cutting
temperature compound or flash frozen until
use. RNA and DNA were isolated from
tissues using AllPrep DNA/RNA/miRNA
Universal Kit (Qiagen), according to
manufacturer’s protocol. Quality was
evaluated with Agilent 2100 BioAnalyzer
(Agilent Technologies). Samples were
excluded if RIN was below 5. mRNA library
construction and deep sequencing were
performed in the Genomic and Microarray
Core at the University of Colorado. mRNA
libraries were prepared using the TruSeq
Stranded mRNA kit and sequenced on the
IMumina NovaSEQ 6000 at a targeted
minimum read depth of 80 million paired-
end reads per sample. All samples passed
the quality check (Phred quality score
35.19 = 0.33), and the mapping rates were
96.32 = 5.38%. The data have been
deposited in the National Center for
Biotechnology Information’s Gene
Expression Omnibus and are accessible
through Gene Expression Omnibus Series
accession number GSE150910 (https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
acc=GSE150910).

RNA-Sequencing Analysis

RNA reads were mapped to the hg38
transcriptome with GENCODE version
27 annotations using Kallisto (18),

and then all human protein-coding
transcripts were considered to be evaluated.
Normalization and identification of
differentially expressed genes were
performed using the Bioconductor
package DESeq2 (19). We considered
genes to be differentially expressed

at Benjamini-Hochberg-adjusted P

value < 0.05 and the absolute value

of log, fold change >1 (corresponding to
twofold change) (20). Signaling pathway
enrichment analysis was performed by
an online integrated analysis tool (the
Database for Annotation, Visualization
and Integrated Discovery; https://
david.ncifcrf.gov/) version 6.8 with the
Kyoto Encyclopedia of Genes and
Genomes (KEGG; http://www.genome.jp/
kegg) annotations and Gene Ontology
knowledgebase (GO; geneontology.org)
(21-23). In the GO analysis, only the

biological process (BP) category was
considered.

MUCS5B rs35705950 Genotyping

We performed MUCS5B rs35705950
genotyping using TagMan genotyping
assay (C_1582254_20; Thermo Fisher
Scientific), as previously described (24).
Real-time PCR analysis was conducted with
Viaa7 real-time PCR system (Applied
Biosystems).

Identification of Coexpressed Gene
Modules and Clinical Traits

Genes differentially expressed in CHP
compared with unaffected controls were
clustered and gene modules were identified
using the R package for weighted gene
coexpression network analysis (WGCNA)
(25). A dendrogram cluster was obtained by
a hierarchical clustering algorithm using
average method, and then an eigengene was
calculated for each cluster using principal
component analysis. The appropriate

power value was determined when the
independence degree was up to 0.8.
Pearson’s correlation was used to determine
the significance of correlation (P < 0.05)
between eigengenes of individual gene
modules with clinical traits,
radiological/pathological features, and
MUCS5B genotype. P values for 37 clinical,
radiological, or pathological features were
adjusted using the Benjamini-Hochberg
method.

Statistical Analysis

The clinical data were expressed as the
mean * SD. Categorical data with clinical
and histopathologic variables were
evaluated using the chi-square or Fisher’s
exact test, and continuous clinical variables
were analyzed by the nonparametric test. P
values of less than 0.05 were assumed to
indicate statistically significant differences.
Normalized RNA expression was evaluated
with continuous clinical features by
Pearson’s correlation. The statistical

Table 3. Clinical Characteristics of Subjects with Idiopathic Pulmonary Fibrosis

Characteristic

Age, yr 60.9+8.4
Sex
M 22 (61)
F 14 (39)
Smoke n=33
Ever 23 (70)
Never 10 (30)
Institution
LTRC 35 (97)
UCSF 1)
PT 0 (0)
VU 0 (0)
MUC5B genotype
GG 16 (44)
GT 19 (63)
TT 1(3)
Minor allele frequency 0.292
Antigen exposure n=31
Bird 11 (35)
Feather 13 (42)
Mold 5(16)
Multiple antigens 7 (23)
Unknown 11 (35)
Medication n=33
Corticosteroid 17 (52)
IS 7 (21)
Pulmonary function tests n=31
%FEV, 64.8 255
%FVC 61.9+24.3
%DLco 33+19.5

Biopsy (n=36) Transplant (n=67)

Total P Value
60.0 8.2 60.3+8.3 0.56
0.39
35 (52) 57 (55)
32 (48) 46 (45)
n=62 n=95 0.18
32 (52) 55 (58)
30 (48) 40 (42)
<0.001
19 (28) 54 (52)
32 (48) 33 (32)
14 (21) 14 (14)
2 (3) 2 (2
0.21
38 (57) 54 (52)
24 (36) 43 (42)
5(7) 6 (6)
0.253 0.267 —
n=9 n=40
3 (34) 14 (35) 0.91
5 (56) 18 (45) 0.47
2 (25) 7(18) 0.67
3 (34) 10 (25) 0.51
3 (34) 14 (35) 0.9
n=9 n=42
6 (67) 23 (55) 0.41
3 (33) 10 (24) 0.45
n=10 n=41
59.2 +15.6 63.4 +=23.4 0.69
56 +16.9 60.5+22.6 0.72
26 +10.2 31.2+17.8 0.63

Definition of abbreviations: 1S =immunosuppressant; LTRC =Lung Tissue Research Consortium;
PT = Pittsburgh University; UCSF = University of California, San Francisco; VU = Vanderbilt University.
Continuous variables are shown as mean = SD, and categorical variables are shown as n (%).
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analyses and visualization were performed
using the R package (26) and JMP Pro
14.1.0 (SAS Institute Inc.).

Results

Clinical Features of Subjects with
CHP, Subjects with IPF, and
Unaffected Controls

Table 1 presents the clinical characteristics
of our study participants diagnosed with
CHP (n=82) or IPF (n=103) or unaffected
controls (n=103). There were no
significant differences in age, sex, race, and
smoking history between our three study
groups. The majority of participants were
non-Hispanic white and approximately 60
years of age. The minor allele frequency of
the MUC5B promoter variant rs35705950
was increased in both CHP and IPF
compared with controls (P < 0.001) and
was comparable between subjects with IPF
and those with CHP.

Clinical characteristics of subjects with
CHP, subjects with IPF, and control subjects
are provided in Tables 2-4. Although there
was no significant difference in minor allele
frequency of MUC5B in sampling methods,
the percentage of non-Hispanic white and
exposure to feather antigens were lower and
unidentified antigen exposure was higher in
subjects with CHP who had received
transplantation (Table 2). %FVC was
lower in subjects who had received
transplantation than in control subjects,
whereas there was no significant difference
in other pulmonary function, minor allele
frequency of MUC5B, and antigen exposure
among subjects with IPF and control
subjects (Tables 3 and 4). In addition,
institutions were significantly different
between biopsy and subjects who had
received transplantation among all groups,
as approximately one-half of samples from
LTRC were obtained by biopsies, whereas
94% of samples from UCSF were obtained
at the time of lung transplant. Lower
pulmonary function and more frequent use
of corticosteroids and/or immunosuppressants
were also observed in subjects with CHP
who had received transplantation.

Differentially Expressed Genes in

CHP and IPF

Technical variation including batch effects
and covariates described above was assessed
by principal component regression analysis
(Figure E1). As gene expression was strongly

1434

Table 4. Clinical Characteristics of Control Subjects

Characteristic

Age, yr 625*7.4
Sex
M 13 (33)
F 27 (67)
Smoke n=37
Ever 18 (49)
Never 19 (51)
Institution
LTRC 40 (100)
UCSF 0 (0)
PT 0 (0)
MUCS5B genotype
GG 32 (80)
GT 7 (18)
TT 1@
Minor allele frequency 0.113
Antigen exposure n=35
Bird 9 (26)
Feather 21 (60)
Mold 9 (26)
Multiple antigens 11 (31)
Unknown 10 (29)
Medication n=39
Corticosteroid 3 (8)
IS 0 (0)
Pulmonary function tests n=39
%FEV,4 100.7 = 16.1
%FVC 99.8 +16.6
%DLCO 74.5+18.0

Biopsy (n=40) Transplant (n=63)

Total P Value
58.2+11.3 59.9+10.2 0.053
0.1
32 (51) 45 (44)
31 (49) 58 (56)
n=59 n=96 0.29
35 (59) 53 (55)
24 (41) 43 (45)
<0.001
17 (27) 57 (55)
9 (14) 99
37 (59) 37 (36)
0.81
48 (76) 80 (78)
14 (22) 21 (20)
1@ 22
0.127 0.117 —
n=11 n=46
3 (27) 12 (26) 0.61
8 (73) 29 (63) 0.92
2 (18) 11 (24) 0.68
3 (27) 14 (30) 0.79
109 11 (24) 0.19
n=15 n=>54
1(7) 4 (7) 0.9
0 (0) 0 (0) —
n=16 n=>54
90.5+7.0 96.9+15.2 0.092
89.9+75 72.0+16.7 0.017
66.5+12.0 97.7 =143 0.083

Definition of abbreviations: IS =immunosuppressant; LTRC =Lung Tissue Research Consortium;
PT = Pittsburgh University; UCSF = University of California, San Francisco.
Continuous variables are shown as mean = SD, and categorical variables are shown as n (%).

affected by the sampling method, we
evaluated our population as two separate
cohorts, distinguished by surgical lung
biopsy and transplantation, and then genes
upregulated or downregulated in both
biopsy and transplanted cohorts were
regarded as important genes. To identify
differences in protein-coding gene
expression profiles, we compared the
transcriptional signatures between CHP and
controls, and between IPF and controls,
adjusting for sex, race, age, plate, institution,
and smoking history using DESeq2. In
surgical lung biopsy specimens, we
identified 907 upregulated and 1,077
downregulated genes as differentially
expressed between subjects with CHP and
control subjects, whereas 1,077 upregulated
and 480 downregulated genes were
differentially expressed between subjects
with IPF and control subjects at a false
discovery rate-adjusted P value < 0.05 and
absolute log, fold change > 1 (Figures 1A
and 1B). In lung transplant specimens,
1,114 upregulated and 796 downregulated

genes were identified as differentially
expressed between subjects with CHP

and control subjects, and 1,375 upregulated
and 589 downregulated genes were
differentially expressed between subjects
with IPF and control subjects (Figures 1C
and 1D).

Combining the surgical lung biopsy
and lung transplant results, 413 genes
were commonly upregulated (Figure 1E)
and 317 genes were downregulated in
CHP versus controls, whereas 861 genes
were upregulated and 322 genes were
downregulated in IPF versus controls
(Figure 1F). There was a strong correlation
in log, fold change of gene expression
between IPF and CHP in both biopsy
(Pearson correlation coefficient =0.72,

P <0.001, Figure 1G) and transplant
specimens (Pearson correlation
coefficient = 0.62, P < 0.001, Figure 1H).
Among the commonly differentially
expressed genes in both biopsy and
transplant cohorts, we identified 304
upregulated genes, including SPRR1A,
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Figure 1. Protein-coding gene expression profiles in chronic hypersensitivity pneumonitis (CHP) and idiopathic pulmonary fibrosis (IPF). Volcano plot of
differentially expressed genes in CHP versus controls and IPF versus controls from biopsy or transplanted samples are shown in A-D. Genes with adjusted
P value < 0.05 and absolute log, fold change > 1 are shown as red spots. Genes having absolute log, fold change < 1 are shown as black, whereas

absolute log, fold change > 1 but adjusted P value > 0.05 are shown in blue. Venn diagrams for (E) upregulated and (F) downregulated genes are shown.
Genes upregulated or downregulated in both biopsy and subjects who had received transplantation were regarded as important. Four hundred thirteen
and 317 genes were upregulated or downregulated in both biopsy and subjects with CHP who had received transplantation, whereas 861 and 322 genes
were upregulated or downregulated in both biopsy and subjects with IPF who had received transplantation, respectively. Three hundred four and 167
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Table 5. Commonly Differentially Expressed Genes in Both CHP and IPF

Gene Name Base Mean log, Fold Change

SPRR1A 212.75 7.63
AC009086.2 10.57 6.65
PRSS2 232.53 5.36
KLK6 9.05 4.95
LGALS7B 1,070.95 4.87
COL17A1 266.77 4.75
FDCSP 600.65 4.74
S100A2 10,007.22 4.66
KRT14 51.91 4.28
IGFL2 307.46 4.24
CXCL13 1,041 3.98
CALMLS3 10.8 3.92
COMP 559.6 3.87
GREM1 222.34 3.86
KRTAP2-3 8.83 3.86
GPR87 261.82 3.72
LGALS7 389.94 3.47
DSC3 57.1 3.44
FAMB83A 127.66 3.44
TMPRSS4 871.29 3.34
CHRM2 27.51 —2.37
CA2 141.79 —2.39
SLC6A4 1,562.49 —2.43
BTNL8 117.4 —2.43
AL096711.2 64.67 —2.44
KLRG2 49.16 —2.49
SLC14A1 161.79 —2.51
MME 847.08 —2.51
ERICH4 29.72 —2.53
Cc8B 61.34 —2.53
GRM8 15.09 —2.57
ADCY8 12.86 —2.67
NKD1 56.01 —2.72
FAM167A 32.04 —2.81
SLCO1A2 30.14 —2.92
BTNL9 1,746.64 —2.96
ADRA1A 99.65 —3.35
LAMP3 110.46 —-3.42
ITLN2 511.01 —3.77
FAM71A 6.87 —3.84

P Value

3.81x107%
6.55x 10~*
1.28 x 10722
3.40x 107"
4.24 %1072
1.63x 1074
1.80x 1077
414x107%°
576x107"7
224 x 1073
9.75x 107"
9.98 x 10~ 12
8.54 x 1072°
4.46x10° 17
252 %1077
1.20x 10717
8.54x 10714
5.47 X 1078
9.97 x 1077
7.19x 1072
592 %10~ "
8.47x 10712
9.98 x 107’
3.03x107%*
8.99 x 10724
237 x107%
6.31 x107 12
4.02x 10234
9.25x 10728
3.76 X 1078
1.49 x 10712
9.26x 1071
522x 1071
2.13x 107
3.32x1071°
2.70x 1072°
4.05x 10738
3.72x10°8
6.78 x 10718
1.46 X 107®

Adjusted P Value

4.22 x 1072
217 %1073
497 %1072
577 %1077
217 x 1072
2.70x107%
1.96 x1071°
229 %1073
571x1071°
6.20 x 10730
1.51x107'®
250x 10~
1.09 X 10725
452x10°1°
2.10x107°
1.38x1071°
1.33x107°
5.44 %1077
8.73x 10724
1.78x 10718
1.22x107°
2.15x 10714
7.19x10°°
1.73x 1072
427 x 1072
8.78 x 1072
1.66x 10714
216 x 102
3.66x 1072
3.90x 1077
451 x10~ "
2.95x 10"
2.96x 1073
1.01x107 12
1.19x 10~ "
4.99 x 10726
1.43x1073
3.87x 1077
4.80x 101
1.00x107°

Definition of abbreviations: CHP = chronic hypersensitivity pneumonitis; IPF = idiopathic pulmonary

fibrosis.

Top 20 up- and downregulated genes in CHP. The table shows differentially expressed genes

overlapped in IPF and CHP. The table was sorted by log, fold change in CHP with transplanted

samples.

CXCL13, and S100A2, whereas 167 genes,
including ITNL2 and BTNL9, were
downregulated in both CHP and IPF
(Table 5). We also identified 109
upregulated genes that were differentially
expressed in CHP and not differentially
expressed in IPF (“specific to CHP”),
including BGN, CXCL9, and CHIT1, and
150 genes, including ANO3, GPDI, and
FMO?2, were downregulated (Table 6).

All upregulated or downregulated genes
specific to CHP or observed in both CHP
and IPF are provided in Table E2. Gene
expression differences among antigen
identification, corticosteroid treatment, and
immunosuppressant treatment were also
compared in subjects with CHP adjusting
with sex, race, age, and sampling method.
We identified one upregulated gene
(AC136428) and two downregulated

genes (CD2, NPIPA8) when we
compared subjects with and without
immunosuppressant treatment, and no
significant gene expression difference was
identified when we evaluated the effect of
corticosteroid treatment or antigen
identification.

We next performed enrichment
analysis among CHP-related genes with GO
and KEGG pathways. Upregulated genes
common to both CHP and IPF were
mapped to 30 GO BPs including collagen
catabolic process, collagen fibril
organization, and cell adhesion, whereas
downregulated genes common to both
CHP and IPF included calcium ion
transmembrane transport and angiogenesis.
Upregulated genes specific to CHP were
mapped to 20 BP terms and included
chemokine-mediated signaling pathway and
immune responsiveness, and CHP unique
downregulated genes included steroid
metabolic processes and positive regulation
of angiogenesis (Figure 2A). In KEGG
pathways, upregulated genes common to
both CHP and IPF were enriched in 11
pathways including protein digestion and
absorption and extracellular
matrix-receptor interaction, and
downregulated pathways including
neuroactive ligand-receptor interaction
and calcium signaling pathway.
CHP-specific upregulated genes were
mapped to cytokine-cytokine receptor
interaction and chemokine signaling
pathway, and two downregulated
pathways related to steroid hormone
biosynthesis and PI3K-Akt signaling
pathway (Figure 2B). All pathways
enriched in CHP-specific genes or
commonly expressed in CHP and
IPF genes with P < 0.05 are included
in Table E3.

Clinical, Pathological, and
Radiological Features and
Coexpression Network Analysis

Of 82 subjects with CHP, 71 lung samples
(38 from LTRC and 33 from UCSF) were
available for histopathological scoring, and
70 HRCT scans (38 from LTRC and 32 from
UCSF) were available for radiological
scoring. Table 7 summarizes the

Figure 1. (Continued). genes were upregulated or downregulated commonly in CHP and IPF. (G) Scatter plot analysis for all protein-coding genes. Genes
with adjusted P value < 0.05 and absolute log, fold change > 1 in both CHP and IPF are shown as black spots. All genes were evaluated with log, fold
changes for CHP versus controls (x-axis) or IPF versus controls (y-axis) from (G) biopsy samples and (H) transplanted samples and showed positive

relationship between IPF and CHP (Pearson correlation coefficient=0.72, P < 0.001, and Pearson correlation coefficient=0.62, P < 0.001, respectively).
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Table 6. CHP-Specific Differentially Expressed Genes

Gene Name Base Mean log, Fold Change P Value Adjusted P Value
BGN 1,607.81 3.43 3.35x 10724 1.86 x 1072
MYBL2 3.46 3.23 4.86x1073 1.22x1072
CHIT1 5,195.27 3.09 254 %10 M 5.81x 101
PAX5 6.39 2.94 1.80 X 1077 1.55%x107°
TIMP1 21,378.87 2.75 7.77 %1072 1.85%x 10718
PCP4 8.97 2.68 6.13x 1074 2.05%x10783
TIMD4 15.4 2.6 1.12x 107 4.66x 10°*
TOP2A 70.63 213 6.69 X 1077 5.04x10°°
BFSP2 32.09 2.11 3.85x 10714 6.51x107°
MYBPC2 17.7 2.07 3.24x10°° 1.55x 1074
C4B 6,629.57 2.06 2.89 x 10726 2.29x 10723
CCL25 10.43 2.04 277 x107° 1.35x107¢
TSPANS 368.71 2.02 7.86x 10714 3.27x 107"
MYL2 5.98 1.98 477 %x10°° 219x 1074
CCL13 51.06 1.88 7.20x 1074 2.35x 1073
TNFRSF17 11.6 1.82 3.20x 1073 8.48x 1073
PLTP 2,135.31 1.79 9.12x10™ 4 3.75x 10712
CCL19 16.93 1.78 420%x1073 1.07 X 1072
SYN1 94.42 1.76 1.89x 107" 4.48x 10714
ARMC1 29.4 1.76 1.44x10°° 9.91x10°°
FOS 7,972.61 -1.67 7.24x1077 5.39 X 107°
ARGLUA 1,180.58 -1.69 277 %1077 2.89x107'°
STCH 3.36 -1.72 217 %1072 4.40 X 1072
INMT-MINDY4 66.96 -1.72 242 x107 13 8.99 x 10712
HBEGF 75.02 -1.73 1.62%x107° 2.36x 1078
ADAMTS7? 98.77 -1.77 1.76 X107 1° 3.15x 107"
AC142391.1 16.24 -1.8 6.53 x 107* 217x1073
SULT1E1 12.09 -1.82 2.36%x10°3 6.52x 1073
PLEKHH2 319.79 —-1.83 3.23x10716 251 x107 1
OLAH 63.02 —1.84 9.90x 107° 1.19%x 1077
CDC42EP2 7.92 —1.84 1.83x 1072 3.81x1072
OLR1 745.23 -1.9 1.23x10°° 1.85%x 1078
MGAT3 61.56 -1.9 6.71x 10712 1.76 x 1074
CDH13 295.38 -2 1.59 x 10720 3.57x107 18
FMO2 478.74 -2.07 9.03x10° 1@ 2.90x 10~ M
GPD1 181.69 -2.1 262x107 14 4.64x107°
KLF15 32.39 —2.11 430%x10°© 2.61x107°
DYTN 2.66 -2.36 5.68 x10~* 1.92x107°
ADRA1B 9.4 -2.4 1.93x 1074 7.49x10°%
ANO3 6.85 -2.85 553x 10712 1.48 %1071

Definition of abbreviation: CHP = chronic hypersensitivity pneumonitis.

Top 20 up- and downregulated genes in CHP. The table shows genes differentially expressed in CHP
but not significant in idiopathic pulmonary fibrosis. The table was sorted by log, fold change in CHP

with transplanted samples.

histopathological features of lung samples,
and representative histopathological
features are shown in Figure E2. Numbers
in each sampling methods were provided as
absent (0), rare (1), moderate (2), or
marked (3), and total subjects (N=71)
were described as present/absent with
percentage. Fibrosis and lymphocyte
inflammation were present in more than
80% of subjects with CHP, and giant cells,
granuloma, or fibroblastic foci were found
in approximately 50%. Honeycombing
(48%), organizing pneumonia (28%), or
germinal center (21%) were observed

in some subjects with CHP. Table 8
summarizes radiological findings in HRCT.

Ground-glass opacity, irregular reticulation,
and traction bronchiectasis were found in
more than 80% of subjects with CHP,
whereas honeycombing (30%), mosaic
attenuation (57%), and lymphadenopathy
(54%) were less frequently observed.

The 413 genes upregulated in both
transplanted and biopsy CHP were clustered
into seven gene coexpression modules using
WGCNA. Network topology analysis
was performed to determine candidate
power values for relative, balanced scale
independence and mean connectivity in the
WGCNA (Figure 3A). The eigengene values
of each module were computed by principal
component analysis, and then correlations

Furusawa, Cardwell, Okamoto, et al.: Transcriptome Analysis for CHP

and enrichment analysis were performed
with clinical, pathological, and radiological
traits (Figure 3B). Among the modules, the
yellow module showed that genes involved
in adaptive immune response and B-cell
receptor signaling pathway positively
correlated with %FEV (r=0.42, P=0.02).
The turquoise module demonstrated an
inverse relationship between expression of
genes involved in epithelial development
and salivary secretion and %DLco
(r=—0.44, P=0.01) (Figure 3C). MUC5B
expression showed a strong correlation
with the turquoise module (r=0.74,
P=1x%10""9. The red module was
correlated with radiographic evidence of
consolidation (r=0.5, P=0.001) and was
enriched in protein digestion.

The 317 genes downregulated in
both transplanted and biopsy CHP
were also clustered into four modules
(Figures 3D and 3E). The turquoise module
was enriched for genes involved in smooth
muscle contraction and steroid hormone
biosynthesis and was associated with
pathological fibrosis (r= —0.44, P=0.02).
All hub genes for each module and
pathways are described in Table E3.

Relationship between MUC5B and
Clinical, Radiological, and Pathological
Features

Subjects with CHP with MUC5B
rs35705950 minor allele (genotype TT or
GT compared with GG) were older

(573 *+11.4 vs. 629 = 8.1, P=0.04,

Figure 4A) and were more often cigarette
smokers (72.0% vs. 45.8%, P=0.05);
however, there was no other significant
difference in sex, race, pulmonary function,
treatment, histopathological, or radiological
findings. We performed differential gene
expression analysis using DESeq2 between
subjects with CHP with MUC5B promoter
135705950 GG alleles and with GT/TT
alleles among 730 genes differentially
expressed and specific to CHP. SLC12A1
was highly expressed in subjects with CHP
with GT/TT alleles (log, fold change, 2.31;
adjusted P value, 0.001); on the other
hand, BAAT and COL10A1 were highly
expressed in subjects with CHP with GG
alleles (log, fold change, —1.24 and —1.97;
adjusted P values, 0.01 and 8.3 X 10>,
respectively). Among subjects with CHP,
MUCS5B mRNA expression was negatively
associated with %D1Lcg (r=—0.35, P=0.01,
Figure 4B) and pathological features of lung
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Figure 2. Bubble plots displaying the most significant (A) Gene Ontology knowledgebase terms and (B) Kyoto Encyclopedia of Genes and Genomes
pathways enriched to chronic hypersensitivity pneumonitis (CHP)-related genes. Bubble colors represent upregulated (red) and downregulated (blue) gene
set, and sizes indicate the number of genes. UP overlapped: upregulated genes commonly expressed in idiopathic pulmonary fibrosis (IPF) and CHP;
DOWN overlapped: downregulated genes commonly expressed in IPF and CHP; UP specific: upregulated genes in CHP but not in IPF; DOWN specific:

downregulated genes in CHP but not in IPF.

fibrosis and honeycombing (Figures 4C and
4D, respectively).

Discussion
Our results identified gene expression

features unique to both CHP and those that
overlap with IPF. We found that pathways

1438

common to CHP and IPF included
upregulated pathways of collagen
catabolism and cell-cell adhesion,

and downregulated pathways of
angiogenesis. In contrast, pathways
uniquely upregulated in CHP were related
to chemokine-mediated signaling and
immune responsiveness, whereas the
steroid metabolism pathway was

downregulated. Moreover, among subjects
with CHP, we found that adaptive
immunity and epithelial cell development
gene expression was associated with
improved or reduced lung function,
respectively, and that MUC5B expression
was also associated with epithelial cell
development gene expression. In subjects
with CHP, MUC5B expression was also
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Table 7. Pathological Features of Subjects with Chronic Hypersensitivity Pneumonitis

Site
Right upper lobe
Right lower lobe
Left upper lobe
Left lower lobe
Pathological findings™
Airway-centered inflammation
Granuloma
Giant cells
Peribronchiolar metaplasia
Organizing pneumonia
Fibrosis
Honeycombing
Fibroblastic foci
Lymphocytic inflammation
Germinal center
Diagnosis

Biopsy (n =26) Transplant (n =45)
4 19
12 14
3 7
7 8
5/14/6/1 24/8/11/2
12/8/4/2 29/7/6/3
12/10/4/0 23/17/7/3
11/6/5/4 18/11/13/3
15/8/3/0 36/7/2/0
11/6/9/0 1/4/23/17
20/4/2/0 17/12/6/8
13/6/7/0 14/15/14/2
6/11/8/1 1/21/21/2
21/4/1/0 35/7/3/0
16 (62%) 26 (51%)

Total (N=71) P Value
0.14
23
26
10
15
42/29 (59%) 0.008
30/41 (42%) 0.42
36/35 (51%) 0.32
42/29 (59%) 0.59
20/51 (28%) 0.13
59/12 (83%) <0.001
34/37 (48%) 0.02
44/27 (63%) 0.34
64/7 (84%) 0.039
15/56 (21%) 0.88
42/29 (59%) 0.42

The table shows sampling site and pathological features for each sampling methods and total cases. Numbers are presented as
absent/rare/moderate/severe in biopsy and transplant cohorts, and present/absent in total cases in pathological features. Percentages are provided with

positive cases/total subjects (N=71).

*Absent: O, rare: 1, moderate: 2, severe: 3, and present/absent.

associated with lung fibrosis and
honeycombing.

This study revealed that many specific
features of gene expression are similar
between IPF and CHP. Of 730 genes
differentially expressed genes in CHP, 471
genes were shared between CHP and IPF.
SPRR1A showed highest expression in both
CHP and IPF compared with controls.
SPRR1A is a protein coding gene of small
proline-rich protein 1A, or Cornifin-A,
characterized by high content of proline

residues and was originally identified in
keratinocytes. The function of this protein is
still uncertain, and there are no previous
reports regarding the relationship between
this protein and IPF in humans. However,
expression of SPRRI1A is associated with
increased epithelial proliferation, and
several studies have reported that this
protein was increased with cigarette smoke,
vitamin A, or carbon monoxide treatment in
bleomycin-mediated lung fibrosis in murine
(27, 28). CXCL13 was highly expressed in

both subjects with IPF and those with CHP.
This chemokine is selectively chemotactic
for B cells and plays an important role in
B-cell homing to inflammatory foci. Its
overexpression in subjects with IPF was
related to a poor prognosis and presence of
acute exacerbation and pulmonary artery
hypertension (29, 30).

Gene set enrichment analysis identified
a number of developmental processes that
were also common to IPF and CHP,
including epithelial cell development

Table 8. High-Resolution Computed Tomography Findings of Subjects with Chronic Hypersensitivity Pneumonitis

Biopsy (n =26) Transplant (n=44) Total (N =70) P Value
Predominance
Central/peripheral/diffuse 10/14/9 1/34/8 11/48/17 0.1
Upper/middle/lower/diffuse 3/0/10/13 6/0/17/21 9/0/27/34 0.96
Left/right/both 0/0/26 2/0/42 2/0/68 0.27
Findings, n (%)
Ground-glass opacity 22 (85) 38 (86) 60 (86) 0.84
Consolidation 4 (15) 5(11) 9 (13) 0.63
Irregular reticulation 20 (77) 43 (98) 63 (90) 0.005
Traction bronchiectasis 18 (69) 43 98) 61 (87) <0.001
Honeycombing 2 (8) 9 (43) 21 (30) 0.002
Subpleural sparing 1) 2 ) 34 0.89
Lymphadenopathy 12 (46) 26 (59) 38 (54) 0.33
Mosaic perfusion 15 (58) 25 (57) 40 (57) 0.94
Air trapping 18 (69) 7 (21) 35 (50) 0.025
Emphysema 3(12) 8 (18) 11 (16) 0.55
Cysts 2 (8) 5 (11) 7 (10) 0.25
Nodules 5 (19) 8 (18) 13 (19) 0.91
The table shows radiological features including predominance lesion of disease. Numbers in findings were provided as positive cases.
Furusawa, Cardwell, Okamoto, et al.: Transcriptome Analysis for CHP 1439
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Figure 3. Weighted gene coexpression network analysis of RNA-sequencing data from 730 chronic hypersensitivity pneumonitis (CHP) differentially
expressed genes. (A) Clustering dendrograms of CHP upregulated genes, obtained by average linkage hierarchical clustering. The color row shows seven
coexpression modules. (B) Module—trait relationships in subjects with CHP. Each row presents a module and each column presents clinical, pathological,
and radiological traits. Correlation of module eigengene with each trait was determined by Pearson correlation and described the corresponding
correlation and Benjamini-Hochberg adjusted P value in each cell colored by the direction of correlation (red) or anticorrelation (blue). Vertical dashed lines
on the heatmap separate clinical, pathological, and radiological traits. (C) A bubble plot displaying the most significant GO terms and KEGG pathways
enriched to yellow and turquoise modules. Bubble colors represent modules, and sizes indicate the number of genes. (D) Clustering dendrograms of CHP
downregulated genes, obtained by average linkage hierarchical clustering. The color row shows four coexpression modules. (E) Module—trait relationships
in subjects with CHP. Each row presents a module and each column presents clinical, pathological, and radiological traits. Correlation of module
eigengene with each trait was described in each cell colored by the direction of correlation (red) or anticorrelation (blue) presented with Benjamini-Hochberg
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Figure 3. (Continued). adjusted P value. Vertical dashed lines on the heatmap separate clinical, pathological, and radiological traits. adeno =
lymphadenopathy; airtrap = air trapping; airway = airway-centered fibrosis/inflammation; consoli = consolidation; FF = fibroblastic foci; GC = germinal
center; GGO = ground-glass opacity; GO = Gene Ontology knowledgebase; honeycombCT = honeycombing in computed tomography finding;

IS =immunosuppressant treatment; KEGG = Kyoto Encyclopedia of Genes and Genomes; lymph = lymphocytic inflammation; mosaic = mosaic
attenuation; OP = organizing pneumonia; peri = peribronchiolar metaplasia; PSL = corticosteroid treatment; subpleural = subpleural sparing; TBE = traction

bronchiectasis.

pathways, extracellular matrix, and collagen
organization and metabolism. These
findings are consistent with the concept that
pulmonary fibrosis is caused by abnormal
activation of alveolar epithelial cells, which
express numerous mediators involved in the
expansion of the fibroblast, differentiation of
myofibroblasts, and in the exaggerated
accumulation of extracellular matrix
provoking the loss of lung architecture (31).
Our analysis confirmed enrichment of

the PI3K-Akt pathway. The PI3K-Akt
pathway mediates pulmonary fibrogenesis
in IPF via prosurvival/antiapoptotic
signaling, and several murine studies have

found that PI3K inhibitors can reduce
fibroblast proliferation and improve
pulmonary function (32, 33). These
findings suggest that inhibition of PI3K
may prove to be effective in both IPF and
CHP.

Gene expression patterns specific to
CHP were also identified. Among the
numerous newly identified genes specific to
CHP, several are of particular interest. BGN
showed one of the highest expressions in
subjects with CHP. This gene encodes
biglycan protein, a small leucine-rich repeat
proteoglycan. By binding to Toll-like
receptors 2 and 4, this protein acts as a

Furusawa, Cardwell, Okamoto, et al.: Transcriptome Analysis for CHP

danger-associated molecular pattern and
initiates inflammation (34, 35), potentially
forming a bridge between immune
responsiveness and lung fibrosis. Biglycan
is elevated in several lung conditions,
including bleomycin-mediated lung fibrosis
in mice (36), chronic obstructive
pulmonary disease with frequent
exacerbation (37), and bronchiolitis
obliterans syndrome after lung
transplantation (38).

We also found CHP-specific genes,
CXCL9, an IFN-y-inducible chemokine
and a ligand for CXCR3. CXCL9 is highly
expressed in granuloma on lung tissue,
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Figure 4. Relationship between MUC5B and clinical or pathological features. (A) Age comparison between subjects with chronic sensitivity pneumonitis
with GG versus GT or TT. Subjects with chronic sensitivity pneumonitis with GT or TT were significantly older than subjects with GG (57.3 = 11.4 vs.
62.9 = 8.1, P=0.04). (B) Scatter plot showed negative correlation between MUC5B mRNA expression and %DLco (R=0.36, P <0.001). (C) MUC5B
mMRNA expression was related to fibrosis score (0 vs. 1, P=0.04; 2 vs. 3, P=0.02; 0 vs. 3, P=0.02) and (D) honeycomb score (0 vs. 3, P=0.01; 2 vs. 3,
P=0.04).

serum, and BAL of granulomatous diseases ~downregulated genes in CHP were evaluated ~ development gene expression pathways
like sarcoidosis and HP and was associated =~ with WGCNA, a methodology for analyzing modules were found to be associated with

with a favorable prognosis with high high-dimensional relationship with improved and reduced lung function,
protein concentration in serum from constructing biological networks based on  respectively, and MUCS5B expression was
subjects with HP (39, 40). pairwise correlation. This analysis identified  associated with epithelial development

To elucidate the relationship gene expression modules associated with gene expression and reduced lung
between these gene expression profiles physiologic and pathological features of function. Overall, our gene expression and
and clinical, pathological, or radiological CHP. Specifically, among subjects with pathway analysis illustrated variation of
features in CHP, 413 upregulated and 317  CHP, adaptive immune and epithelial disease severity and pathological and

1442 American Journal of Respiratory and Critical Care Medicine Volume 202 Number 10 | November 15 2020



radiological features that were previously
unknown.

The MUC5B promoter variant
rs35705950 is the strongest risk factor for
the development of IPF (11). Subjects with
IPF with T alleles showed a significantly
higher subpleural and axial distribution and
greater proportion of confident UIP pattern
diagnoses (41). Subjects with T alleles were
also associated with UIP-like computed
tomography findings in rheumatoid
arthritis (42) and CHP (24). These findings
indicate that the MUC5B promoter variant
is specifically associated with a UIP-like
pattern or honeycombing in interstitial
lung disease. Although we could not find a
definitive relationship between MUC5B
promoter variant and clinical,
histopathological, and radiological pattern
in this limited sample, we found that higher
MUCSB expression was correlated with
lower %DLco and presence of
honeycombing and fibrosis by
histopathology. The relationship between
MUCSB expression and honeycombing
was also observed previously by us in
subjects with IPF (11, 43) and raises the

possibility that expression of MUC5B

is causally related to the development

of honeycombed lesions in the lung (44).
We also identified three genes differentially
expressed in CHP that were associated with
the MUCS5B genotype.

There are several limitations in this
study. First, we could not assess the
clinical course or prognosis of subjects
with CHP enrolled in our study because
approximately half of subjects with
CHP were enrolled at the time of lung
transplantation and many of our subjects
originated from the LTRC. However, we
found that the extent of lung fibrosis was
associated with specific patterns of gene
expression. Second, the diagnosis of CHP
was not made centrally but was reconfirmed
with a central review. Third, this study is not
a multicenter analysis and did not have a
validation cohort because of sample size;
despite this limitation, this is the largest
transcriptome analysis for CHP to date.
Fourth, racial, geographical, or causative
antigen differences showed little
information potentially caused by lack of
sample power and population. Further

examination with a multicenter and
prospective study may be warranted.

Fifth, clinical severity of enrolled

patients with CHP was potentially higher
than that of the average patients, because all
the cases clinically required biopsy or
transplant.

In conclusion, we identified CHP
patterns of gene expression that were
associated with clinical, radiographic, and
pathological features of disease, highlighting
both the overlap and distinct biological
features of CHP and IPF. Unique to CHP,
we found that a gene module including
MUCSB expression correlates with features
of fibrotic lung disease, whereas immune
response signatures positively correlate with
lung function.
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