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A B S T R A C T   

Background: Hypersensitivity pneumonitis (HP) is an inflammatory disorder affecting lung parenchyma and often 
evolves into fibrosis (fHP). The altered regulation of genes involved in the pathogenesis of the disease is not well 
comprehended, while the role of microRNAs in lung fibroblasts remains unexplored. 
Methods: We used integrated bulk RNA-Seq and enrichment pathway bioinformatic analyses to identify differ
entially expressed (DE)-miRNAs and genes (DEGs) associated with HP lungs. In vitro, we evaluated the 
expression and potential role of miR-155-5p in the phenotype of fHP lung fibroblasts. Loss and gain assays were 
used to demonstrate the impact of miR-155-5p on fibroblast functions. In addition, mir-155-5p and its target 
TP53INP1 were analyzed after treatment with TGF-β, IL-4, and IL-17A. 
Results: We found around 50 DEGs shared by several databases that differentiate HP from control and IPF lungs, 
constituting a unique HP lung transcriptional signature. Additionally, we reveal 18 DE-miRNAs that may regulate 
these DEGs. Among the candidates likely associated with HP pathogenesis was miR-155-5p. Our findings indicate 
that increased miR-155-5p in fHP fibroblasts coincides with reduced TP53INP1 expression, high proliferative 
capacity, and a lack of senescence markers compared to IPF fibroblasts. Induced overexpression of miR-155-5p in 
normal fibroblasts remarkably increases the proliferation rate and decreases TP53INP1 expression. Conversely, 
miR-155-5p inhibition reduces proliferation and increases senescence markers. TGF-β, IL-4, and IL-17A stimu
lated miR-155-5p overexpression in HP lung fibroblasts. 
Conclusion: Our findings suggest a distinctive signature of 53 DEGs in HP, including CLDN18, EEF2, CXCL9, 
PLA2G2D, and ZNF683, as potential targets for future studies. Likewise, 18 miRNAs, including miR-155-5p, 
could be helpful to establish differences between these two pathologies. The overexpression of miR-155-5p 
and downregulation of TP53INP1 in fHP lung fibroblasts may be involved in his proliferative and profibrotic 
phenotype. These findings may help differentiate and characterize their pathogenic features and understand their 
role in the disease.   

1. Introduction 

Hypersensitivity pneumonitis (HP) is a lung disorder with varying 
degrees of inflammation and fibrosis affecting lung parenchyma. The 
disease is classified as non-fibrotic and fibrotic (a mixture of 

inflammation and fibrosis) [1,2]. HP is the second most common 
interstitial lung disease (ILD), with features of progressive fibrosis in up 
to 81% of cases, and most cases of fibrotic HP (fHP) result from antigens 
inhalation from feathers and bird droppings [3]. The fibrotic form of HP 
is the main mimicker of idiopathic pulmonary fibrosis (IPF), especially if 

* Corresponding author. 
E-mail address: jcisneros828@gmail.com (J. Cisneros).  

Contents lists available at ScienceDirect 

Non-coding RNA Research 

journal homepage: www.keaipublishing.com/en/journals/non-coding-rna-research 

https://doi.org/10.1016/j.ncrna.2024.02.010 
Received 19 October 2023; Received in revised form 11 February 2024; Accepted 19 February 2024   

mailto:jcisneros828@gmail.com
www.sciencedirect.com/science/journal/24680540
http://www.keaipublishing.com/en/journals/non-coding-rna-research
https://doi.org/10.1016/j.ncrna.2024.02.010
https://doi.org/10.1016/j.ncrna.2024.02.010
https://doi.org/10.1016/j.ncrna.2024.02.010
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ncrna.2024.02.010&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Non-coding RNA Research 9 (2024) 865–875

866

it shows the usual interstitial pneumonia (UIP) pattern [4], making it 
difficult to diagnose. Although there is progress in the study of the 
pathogenesis of HP, the molecular mechanisms governing the phenotype 
of the cells involved in its development and progression remain poorly 
understood, and they could help distinguish it from IPF [5,6]. 

MicroRNAs (miRNAs) participate in several pathological processes, 
including fibrosis in tissues like the kidney, liver, and lung [7]. To date, 
2654 miRNAs are annotated in the miRBase database version 22 and 
regulate more than 60% of the human transcripts [8]. There is evidence 
that specific miRNAs are involved in the phenotype of IPF fibroblasts [9, 
10]; however, no study has investigated the role of miRNAs in HP. 

The miR-155-5p is involved in the pathogenesis of several diseases as 
its aberrant expression is associated with cellular mechanisms such as 
inflammation, proliferation, apoptosis, and fibrosis [11–15]. In lung fi
broblasts, miRNA-155 expression increases by inflammatory stimuli 
such as interleukin-1β (IL-1β) and tumor necrosis factor-alpha (TNF-α), 
while it is decreased by transforming growth factor β (TGF-β) [16]. 
Additionally, it has been suggested that miR-155-5p is a critical regu
latory microRNA in IPF pathogenesis [17]. 

This study aimed to identify differentially expressed miRNAs and 
genes by integrating the available HP bulk RNA-Seq data to determine 
the biological processes possibly implicated in the pathogenesis and to 
investigate the putative role of miR-155-5p in the fibroblast phenotype. 

2. Materials and methods 

2.1. Antibodies and reagents 

Advanced DMEM/F12 1x (Life Technologies, Thermo Fisher Scien
tific, Hudson, NH), Fetal Bovine Serum (Thermo Fisher Scientific, 
Hudson, NH, 23235), 0.25% Trypsin-EDTA 1x (Thermo Fisher Scientific, 
Hudson, NH, 23235), 1x antimicrobial agent Primocin (Invivogen, San 
Diego, CA), recombinant human TGF-β1 (Biolegend, San Diego, CA), 
recombinant human IL-17A (Biolegend, San Diego, CA), recombinant 
human IL-4 (Biolegend, San Diego, CA), Cellular Senescence Assay kit 
(Merck, Darmstadt, Germany), microRNA Purification Kit (Norgen 
Biotek Corp, ON, Canada), taqMan Advanced miRNA cDNA Synthesis 
Kit (Thermo Fisher Scientific, Hudson, NH), TaqMan Advanced miRNA 
Assays, verso cDNA synthesis kit (Thermo Fisher Scientific, Hudson, 
NH), CyQuant NF Cell proliferation assay kit (Invitrogen, Grand Island, 
NY), Precision plus protein dual color standard (Bio-Rad Laboratories, 
Hercules, CA), antibody diluent reagent solution ready-to-use (Invi
trogen, Grand Island, NY), Pierce RIPA Buffer (Thermo Fisher Scientific, 
Hudson, NH), protease inhibitor cocktail 100x (Bioss, Woburn, MA), 
Halt phosphatase inhibitor cocktail 100x (Thermo Fisher Scientific, 
Hudson, NH), nitrocellulose membrane 0.45 μm (Bio-Rad Laboratories, 
Hercules, CA), Micro BCA protein asay kit (Thermo Fisher Scientific, 
Hudson, NH, 23235), 4x laemli sample buffer (Bio-Rad Laboratories, 
Hercules, CA), Intercept Blocking Buffer (LI-COR Biosciences, Lincoln, 
NE), human anti-p21 (Santa Cruz, Biotechnology, Santa Cruz, CA), 
human anti-p53 (R&D), human anti-TP53INP1 (Abcam, Cambridge, 
MA), human anti-GAPDH (Cloud Clone), 4′,6-diamidino-2-phenylindole 
(DAPI), Odyssey® CLx Molecular Imaging Workstation, fluorescent 
secondary antibodies IRDye 680RD and IRDye800CW (LI-COR Bio
sciences, Lincoln, NE), premade adenoviral system Null condition and 
for miR-155-5 ON and OFF (Applied Biological Materials Inc, Richmond, 
BC, Canada), hydrophilic polycarbonate membrane with 8 μm diameter 
filters (Millipore Corp, Burlington, MA) and precoated with 50 μl of 
purified collagen type I (4.07 mg/ml, Corning), 48-well plate with a 
circular insert of approximately 1 mm diameter made of poly
dimethylsiloxane (PDMS), a microplate reader Synergy Biotek H1 
(Agilent Technologies, Santa Clara, CA), biotinylated secondary anti
body (Biogenex, San Ramón, CA, USA) and 3-Amino-9-ethyl carbazole 
(AEC) (Biogenex, San Ramon, CA, USA) chromogen. 

2.2. Ethics statement and experimental design 

The Ethic, Scientific, and Biosecurity Committees of the Instituto 
Nacional de Enfermedades Respiratorias Ismael Cosío Villegas approved 
the research under protocol number B09-13. We used lung fibroblasts 
from the cell Biobank of our laboratory. Cells were obtained from lung 
biopsies for diagnosis in patients who signed written informed consent. 
Normal human lung fibroblasts (controls) were obtained from donors 
without lung disease who died from an accident (n = 3). Normal lung 
fibroblasts from Lonza (NHLF cell line, Walkersville, Inc.) were also 
used. The identification and personal data of all participants were kept 
anonymous and protected. 

2.3. Selection of high-throughput studies 

We used the microarray and RNA-seq raw data from HP-related 
miRNA and mRNA expression profiles from the National Center for 
Biotechnology Information (NCBI)-Gene Expression Omnibus (GEO) 
database (https://www.ncbi.nlm.nih.gov/geo/) tapping "Hypersensi
tivity Pneumonitis" as a keyword. We downloaded the miRNA expres
sion microarray dataset GSE21394 and the mRNA GSE21369, both 
contained in the superseries GSE21411 [18] and the mRNA expression 
RNA-seq dataset GSE150910 [19]. We could not obtain raw data from 
one study [20] but used the results reported in the original article. These 
data were manually curated using NCBI databases to update gene names 
and remove duplicate and non-coding elements (opposite strands and 
introns of known genes). Only data from HP, IPF, and control tissue lung 
samples were analyzed according to Fig. S1. 

2.4. Analysis of differential expression in genes and miRNAs 

We used R software version 4.1.0 and Bioconductor v.3.13 [21] for 
analyzing RNA microarray and RNA-seq data, which were pre-processed 
and normalized following general pipelines from Limma v3.48.3 [22] 
and DESeq2 v1.32.0 [23] packages, respectively. Genes were considered 
differentially expressed among HP, control, and IPF lung samples if they 
had an adjusted p-value <0.05 and a |log fold change (FC)| > 1.0 as 
cut-off criteria (except for HP vs. IPF from GSE21369, where we used 
p-value <0.005 and a |log FC| > 1.0). We used a p-value <0.001 and a | 
log FC| > 0.5 for the miRNA array as cut-off criteria. Additionally, with a 
Venn diagram, we analyze the DEGs associated with both pathologies 
and the pathways that enrich them, as described below. 

2.5. Pathway enrichment analysis 

We performed an enrichment pathway analysis with consistent 
differentially expressed genes (DEGs) in at least two expression profile 
datasets using the EnrichR package v3.0 (https://CRAN.R-project. 
org/package=enrichR) [24] and MsigDB Hallmark 2020 database 
[25]. Pathways with a significant enrichment have an adjusted p-value 
<0.05. We used the ggplot2 package v.3.3.6 (https://ggplot2.tidyverse. 
org) [26] to generate the graphs to visualize the pathway enrichment 
analysis. 

2.6. Identification of miRNAs with validated interactions with DEGs 

As an alternative to identify miRNAs with potential roles in HP 
pathogenesis, we used the DEGs of each experiment for each contrast 
(HP vs. Ctrl, HP vs. IPF, and IPF vs. Ctrl) to identify the miRNAs that 
have validated interactions with them. This identification was made 
online with the web tool MIENTURNET (http://userver.bio.uniroma1. 
it/apps/mienturnet/) (02-23-2022) [27]. We used the database mir
TarBase 7.0 [28], which only considered experimentally validated 
miRNA-target interactions, to select the miRNAs with at least 20 in
teractions with DEGs of each contrast. The intersection between the 
identified miRNAs for HP vs. Ctrl and HP vs. IPF were considered 
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miRNAs that could have potential roles in the pathogenesis of HP. From 
the list obtained and with a literature search of miRNAs associated with 
fibrosis, we selected miR-155-5, a microRNA associated with multiple 
processes involved in its pathogenesis [15], recently proposed as a 
critical orchestrator in IPF [17] and unknown in the HP field, particu
larly in isolated fibroblasts. We built an interaction network to sum
marize the DEGs between HP lungs compared to IPF lungs that were 
validated targets of this microRNA using Cytoscape version 3.8.0 [29]. 

2.7. Cell culture and treatments 

We used fibroblasts derived from lung tissue of fibrotic HP (n = 4), 
age 54 ± 6.27 years 2F (female)/2 M (male), and IPF (n = 4), age 63 ±
6.37 years 1F/3 M patients. Diagnosing HP and IPF was performed as 
described and confirmed by histopathology [20]. HP patients were 
positive for avian antigens as an inducer of the disease. Control fibro
blasts (n = 4), age 61.75 ± 9.39 years, 2F/2 M, were obtained from the 
lungs of cadaveric donors without lung disease (n = 3), and one acquired 
from Lonza (NHLF cell line, Walkersville, Inc.). 

Fibroblasts in passage five were cultured in Advanced DMEM/F12 
(Thermos Fisher Scientific) supplemented with 5% fetal bovine serum 
(FBS), 1x L-glutamine, and 1x antimicrobial agent Primocin (Invivogen) 
at 37 ◦C in an atmosphere of 5% CO2 and 95% air humidity. At 80% 
confluence, the cells were routinely passaged by trypsinization. Cells 
were fixed for senescence assay or lysed to obtain cell extracts for 
Western blotting or mRNA and miRNA extraction. TGF-β, IL-17A, and IL- 
4 (Biolegend) were used at 10 ng/ml for 24 h. 

2.8. Senescence-associated β-galactosidase assay 

β-galactosidase activity was performed in basal conditions or 72h 
post-transduction with miR-155 adenoviral particles using the Cellular 
Senescence Assay kit (Merck, Darmstadt, Germany) following the 
manufacturer’s instructions. Images were acquired in an Olympus IX81 
inverted microscope and then manually quantified using Fiji V1.53 
software [30]. The β galactosidase positive cells were determined over 
ten random fields from two replicates. 

2.9. miRNA and mRNA expression analysis 

The miRNAs and mRNA were obtained with a microRNA Purification 
Kit (Norgen Biotek Corp, ON, Canada) and reverse transcribed with 
TaqMan Advanced miRNA cDNA Synthesis Kit (Thermo Scientific, 
Waltham, MA, USA) following the manufacturer’s instructions. The 
miR-155-5p expression was measured by real-time PCR using the Taq
Man Advanced miRNA Assays, and miR-191-5p was used as a normal
izer as determined by Bestkeeper V1 software [31] in our conditions 
(power of HKG: 1.62, SD: 0.79). To mRNA, cDNA was synthesized with 
verso cDNA synthesis kit (Thermo Scientific) to evaluate the expression 
of COL1A1, COL3A1, p21, p53, TP53INP1, PCNA, Ki-67, and HPRT 
using specific primers (Table S1). The relative expression of targets was 
calculated using 2− ΔCt of the triplicates of three independent 
experiments. 

2.10. Western blot analysis 

Cells were lysed in RIPA buffer (Sigma-Aldrich Corporation) con
taining protease and phosphatase inhibitors. Protein concentration was 
measured with the micro BCA assay protein assay kit (Thermo Scienti
fic). The proteins (25 μg) were separated by SDS-PAGE and transferred 
into nitrocellulose membranes (Bio-Rad Laboratories Inc), blocked with 
Intercept Blocking Buffer (LI-COR Biosciences), and incubated overnight 
at 4 ◦C with primary antibodies against p21 (Santa Cruz sc-6246; 1:500), 
p53 (R&D AF1355; 1:1000), TP53INP1 (Abcam ab202026; 1:2000), and 
GAPDH (Cloud Clone PAB932Hu01; 1:4000). After washing with TBS- 
Tween 0.05%, the fluorescent signal was detected and captured in an 

Odyssey® CLx Molecular Imaging Workstation using fluorescent sec
ondary antibodies IRDye 680RD and IRDye800CW (LI-COR Bio
sciences). The intensity of target proteins relative to GAPDH was 
calculated with Fiji V1.53 software. 

2.11. Immunocytochemistry (ICC) 

Fibroblasts were grown on coverslips, fixed with paraformaldehyde 
4% for 20 min, treated for 20 min with Universal Blocking Reagent 
(Biogenex, San Ramon, CA, USA), and then incubated with a rabbit anti- 
human TP53INP1 (ab202026, Abcam, Cambridge, UK; 1:250 dilution) 
overnight at 4 ◦C. The cells were incubated with a secondary antibody 
(donkey anti-rabbit DyLight-488; 1:450 dilution) for 1 h at room tem
perature incubated with DAPI for 10 min at room temperature, and then 
rinsed twice with PBS and mounted with Mowiol medium. Images were 
obtained with a microscope (Olympus, FsV1000) using a UPlan-FLN 40 
NA 1.3 objective. Images were processed using Fiji V1.53 software. 

2.12. Immunohistochemistry (IHC) 

Immunohistochemical analysis was performed on lung tissues from 
patients with HP and IPF. Endogenous peroxidase was blocked, and 
antigen recovery was performed using citrate buffer at pH 6. Tissues 
were incubated with Universal Blocking Solution 1x (Biogenex, San 
Ramon, CA, USA) for 30 min and then with the TP53INP1 primary 
antibody (ab202026, Abcam, Cambridge, UK; 1:150 dilution) at 4 ◦C 
overnight. After treatment with a biotinylated secondary antibody and 
streptavidin coupled with a horseradish peroxidase-conjugated sec
ondary antibody system from Biogenex (San Ramon, CA, USA), the 
immunodetection was performed using acetate buffer containing 0.05% 
H2O2 and 3-Amino-9-ethyl carbazole. The tissues were counterstained 
with hematoxylin, and nonimmune serum was used as a negative con
trol. Images were captured using a Leica DM3000. 

2.13. Adenoviral transduction of lung fibroblasts 

Adenoviral transduction of miR-155-5p on fibroblasts with a pre
made adenoviral system (Applied Biological Materials Inc) was done 
following the manufacturer’s instructions. All experiments where we 
used transduced fibroblasts started 24h after the transduction with 
adenoviral particles (MOI 100) from null construction (Null), pre-miR- 
155-5p sequence (miR-155 ON), or the inhibitory sequence for miR- 
155-5p (miR-155 OFF). 

2.14. Proliferation assay 

Lung fibroblasts were seeded in 96-well plates (5000 cells/well) and 
attached for 12 h. After transduction, the proliferating cells were 
determined at basal, 24, 48, and 72 h using the CyQuant NF Cell Pro
liferation Assay (Life Technologies). CyQuant NF dye reagent diluted in 
1x Hank’s balanced salt solution (HBSS) buffer (50 μL) was added to the 
cells and incubated at 37 ◦C for 30 min. Fluorescence values were ac
quired in a microplate reader (Synergy Biotek H1, Agilent) with a 485/ 
530 nm excitation/emission filter. Experiments were performed in 
triplicate. 

2.15. Migration assays 

Migration assays were performed using a transwell 96-well plate 
with a hydrophilic polycarbonate membrane with 8 μm diameter filters 
(Millipore Corporation) and precoated with 50 μl of purified collagen 
type I (4.07 mg/ml, Corning). Fibroblasts (5 × 105) were seeded in 
serum-free DMEM/F12 in the upper chamber, and DMEM/F12 media 
supplemented with 5% FBS was added to the lower chamber. After 18 h, 
cells that migrated through the membrane were fixed in 1% glutaral
dehyde for 20 min and stained with 0.1% crystal violet. The dye was 
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recovered in 200 μl of 10% acetic acid solution, and absorbance values 
were determined at 590 nm. The experiments were performed twice in 
duplicate. 

In addition, migration was evaluated using a wound-healing assay. 
Briefly, transduced fibroblasts (2 × 105) were seeded in a 48-well plate 
with a circular insert of approximately 1 mm diameter made of poly
dimethylsiloxane (PDMS). After 12 h, the insert was removed, the me
dium was replaced with fresh medium, and photographs of wound 
closure were taken under an inverted microscope at 0, 24, and 48 h. 
Experiments were performed in duplicate, and the percentage of wound 
expansion was calculated using Fiji V1.53 software. 

2.16. Statistical analysis 

Graphical presentation of data and statistical analysis were per
formed using GraphPad Prism v.8.0.1 [32]. All data are expressed as 
mean ± standard deviation and were analyzed using one-way or 
two-way ANOVA with Tukey’s multiple comparison test. Differences 
between groups were considered significant at a p-value <0.05. 

3. Results 

3.1. Integrated analysis of datasets identified common DEGs in HP lungs 

We found four datasets related to HP performed in lung tissue sam
ples for the bulk RNA-Seq analysis, and no data were available for HP 
lung fibroblasts. Three of the four come from mRNA expression profiles. 
The first dataset from Selman et al. includes data from 12 HP and 15 IPF 
samples from which we could not obtain the raw data, and the genes 
were manually updated [20]. The second profile was generated by the 
array expression deposited in the GSE21369 [18], and we used 5 con
trols, 2 HP, and 7 IPF samples that approved the quality analysis. The 
third dataset, GSE150910, was generated from RNA-seq data of 103 
controls, 86 chronic HP, and 103 IPF lung tissue samples [19]. Finally, 
an HP-related miRNA array was found, deposited as the GSE21394 [18], 
and containing data from 6 control samples, 2 HP samples, and 9 IPF 
samples (Table 1). 

Using a bioinformatics pipeline with R Bioconductor, we determined 
the DEGs of each experiment. In the study by Selman et al., they iden
tified 809 DEGs between HP and IPF lung samples (301 upregulated 
genes in IPF lung and 508 upregulated genes in HP lungs) (Table S2). For 
GSE21369, 317 DEGs for HP vs. Ctrl, 118 for HP vs. IPF, and 261 for IPF 
vs. Ctrl (Table S3). For GSE150910, 2198 DEGs for HP vs. Ctrl, 569 for 
HP vs. IPF, and 1928 for IPF vs. Ctrl (Table S4). Furthermore, common 
DEGs with the same expression trend in at least two profile datasets were 
identified (Table S5): 46 between HP and control lungs, 53 in the HP vs. 
IPF contrast, and 53 between IPF and control lungs. Using a Venn dia
gram, we find that 10 DEGs are shared between HP and IPF (Fig. S2). 

Table 2 lists the top ten up-and down-regulated genes in each contrast, 
with CLDN18, EEF2, CXCL9, PLA2G2D, and ZNF683 standing out as the 
most over-expressed genes between HP and IPF. 

Moreover, we identified 23 DE-miRNAs in HP vs. Ctrl, 31 in HP vs. 
IPF, and 65 in IPF vs. Ctrl in the GSE21394, which contains the unique 
miRNA microarray available for HP (Table S6). 

3.2. Common DEGs enriched pathways such as EMT, inflammatory, and 
immune response in HP lungs 

To identify the possible pathways in which the DGEs are involved, a 
functional analysis was performed using EnrichR and the Kyoto Ency
clopedia of Genes and Genomes (KEGG), Molecular Signatures Database 
(MSigDB), and Gene Ontology Biological Process (GOBP) databases. 
MsigDB is a collection that summarizes and represents specific and well- 
defined biological states or processes and displays coherent expression 
[25]. Fig. 1 illustrates the enriched pathways according to the MSigDB 
database. The functional analysis revealed that DEGs between HP and 
control lungs are significantly associated with the 
epithelial-mesenchymal transition (EMT), myogenesis, angiogenesis, 
UV response, and apical junction. Moreover, pathways related to graft 
rejection, interferon α/γ response, myogenesis, EMT, and inflammatory 

Table 1 
miRNA and gene expression microarray and RNA-seq datasets related to Hypersensitivity Pneumonitis. *Samples of other ILDs that were not HP and IPF were 
excluded. +Samples that did not approve the quality analysis were excluded.  

RNA 
type 

Accession number 
of the dataset 

Platform Sample 
type 

Experiment type Disease type Number of 
differentially expressed 
genes 

Reference 

Ctrl HP IPF 

miRNA GSE21394 Agilent-019118 Human 
miRNA Microarray 2.0 
G4470B 

Lung 
tissue 

Non-coding RNA 
profiling by array 

6 2 9 HP vs CTRL = 23 Cho J et al., BioMed 
Central, 2011* HP vs IPF = 31 

IPF vs CTRL = 65 
mRNA GSE21369 Affymetrix U133 plus 2.0 

Array 
Lung 
tissue 

Expression profiling 
by array 

5 2 7 HP vs CTRL = 317 Cho J et al., BioMed 
Central, 2011*+HP vs IPF = 118 

IPF vs CTRL = 261 
mRNA – Affymetrix U133 plus 2.0 

Array 
Lung 
tissue 

Expression profiling 
by array 

– 12 15 HP vs IPF = 809 Selman M et al., Am J 
Respir Crit Care Med, 
2006 

mRNA GSE150910 Illumina NovaSeq 6000 
(Homo sapiens) 

Lung 
tissue 

Expression profiling 
by RNA-seq 

103 82 103 HP vs CTRL = 2198 Furusawa H et al. Am J 
Respir Crit Care Med, 
2020 

HP vs IPF = 569 
IPF vs CTRL = 1928  

Table 2 
Common differently expressed genes in each comparison. The common top ten 
most upregulated and downregulated genes were identified from three cohort 
profile data sets in each comparison. The logFC was retrieved from GSE21369 or 
GSE150910*, depending on the case.  

Common DEGs 
in HP vs. Ctrl 

logFC Common 
DEGs in HP vs. 
IPF 

logFC Common 
DEGs in IPF vs. 
CTRL 

logFC 

CARMN 3.93 CLDN18* 3.32 FNDC1 2.89 
DIO2 3.77 EEF2* 3.25 COL3A1 2.73 
FNDC1 3.58 CXCL9* 2.6 CARMN 2.44 
FAM83D 3.36 PLA2G2D* 2.42 DIO2 2.42 
COL15A1 3.3 ZNF683* 2.147 VSIG1 2.3 
COL3A1 3.22 LMOD1* 2.09 FLNC 2.28 
DES 3.08 SPRR1A 2.07 DDX17 1.9 
FBX032 2.59 SORBS1 2 THY1 1.89 
LMOD1 2.56 COL4A6 1.9 COL1A2 1.87 
FLNC 2.28 AGER* 1.8 PWWP3A 1.87 
RGCC − 1.78 CLMP* − 1.08 SLC19A3 − 1.79 
KLF6 − 1.83 CCL24* − 1.09 MME − 1.84 
RAB11FIP1 − 1.94 SEMA3C* − 1.17 AGTR2 − 1.94 
PAPSS2 − 1.96 BHMT2* − 1.175 GADD45B − 2.04 
SLC19A3 − 2.01 F11R* − 1.24 HHIP − 2.04 
EPB41L5 − 2.48 JAG1* − 1.25 PIGA − 2.08 
MYRF − 2.66 MAP1B* − 1.34 GPM6A − 2.11 
SLC39A8 − 2.71 IRF4* − 1.599 KLF4 − 2.24 
FAM167A − 2.93 CLIC5 − 1.65 NAMPT − 2.29 
CA4 − 4.4 LAMP3* − 2.03 IL1RL1 − 3.86  
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response were enriched in DEGs between HP and IPF lungs. Finally, 
TNF-α/signaling nuclear factor-kappa B (NF-kB), EMT, hypoxia, 
apoptosis, and p53 pathway were enriched terms for the DEGs in IPF vs. 
Ctrl contrast. The enhanced ways for each comparison according to 
KEGG and GOBP databases are shown in Tables S7 and S8, respectively. 
These results showed that most DEGs enriched pathways related to 
mechanisms involved in pulmonary fibrosis, such as EMT and apical 
junction. However, common pathways such as myogenesis and angio
genesis were also enriched among the three contrasts, suggesting that 
these mechanisms are involved to different degrees in both pathologies. 
In addition, pathways such as inflammatory response, allograft rejec
tion, and interferon-gamma (IFN-γ) response are involved in the path
ogenesis of HP. Similar results were found when DEGs were analyzed 
using a Venn diagram, and in addition, IL-2/STAT5 signaling, myo
genesis, and angiogenesis were the pathways enriched from the inter
section between HP and IPF (Fig. S2). 

3.3. miRNA enrichment analysis identified miR-155-5p as a candidate 
miRNA associated with HP pathogenesis 

Using mirTarBase, we determined the miRNAs with experimental 

evidence supporting a role in the regulation of DEGs in each dataset for 
each comparison (Table S9) and the common miRNA in at least two data 
sets between HP vs. Ctrl and HP vs. IPF (Table S10). Fig. 2A enlists the 18 
miRNAs that resulted from the overlap between the identified miRNAs 
for HP vs. Ctrl and HP vs. IPF contrasts. We consider them candidate 
miRNAs associated with HP pathogenesis because they can regulate 
DEGs in HP compared to control and IPF lungs. We were interested in 
experimentally evaluate hsa-miR-155-5p in HP lung fibroblasts because 
it is a multifunctional miRNA extensively studied in various diseases, 
including fibrotic and inflammatory disorders [15,33], and it has been 
suggested as a critical miRNA involved in the pathogenesis of IPF [17]. 
miR-155 participates in mechanisms that affect proliferation and 
senescence, two processes involved in different pathways associated 
with fibrosis development and progression, including EMT, inflamma
tion, and myogenesis; however, its role in HP lung fibroblasts remains 
unknown. 

3.4. miR-155-5p is upregulated in fHP lung fibroblasts 

MiR-155-5p is involved in critical processes implied in fibrosis. 
Therefore, we initially assessed the basal levels of miR-155-5p 

Fig. 1. Enriched MSigDB pathways obtained from DEGs in HP lungs. The MSigDB enriched pathways (adjusted p-value <0.05) using the common DEGs in each 
contrast. Colors indicate adjusted p-values, and circle size indicates the number of identified genes in each pathway. 

Fig. 2. miRNAs enrichment analysis identified miR-155-5p and is overexpressed in fHP lung fibroblasts. (A) Top candidate miRNAs with validated in
teractions with the DEGs in HP lungs compared to control and IPF. The miRNAs are listed in descending order from top to bottom according to the number of 
interactions. (B) Basal expression of miR-155-5p determined by qPCR (n = 4 per group). Data are presented as mean ± SD by one-way ANOVA. The results represent 
three independent experiments**p < 0.01. CTRL: controls; fHP: hypersensitivity pneumonitis; IPF: idiopathic pulmonary fibrosis. 
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expression in control, fHP, and IPF lung fibroblast cultures. Remarkably, 
we found a three-fold increase of miR-155-5p in fHP lung fibroblasts 
compared with IPF fibroblasts (p < 0.01 Fig. 2B). This differential 
expression suggests that miR-155-5p may play a role in the behavior of 
HP fibroblasts and regulate some differences concerning control and IPF. 

3.5. HP lung fibroblasts do not express senescence markers 

Several microRNAs have been linked to the senescence process, and 
miR-155-5p is negatively regulated by p53. Since we found an increase 
of miR-155-5p in fHP fibroblasts and p53 belongs to a pathway that 
regulates the establishment of cellular senescence [34], we examined 
senescence markers in fibroblasts growing under basal conditions. As 
demonstrated in Fig. 3, fHP and control fibroblasts did not exhibit 
β-galactosidase positive cells compared to age and passage-matched IPF 
fibroblasts, where a significant increase in this marker was observed 
(Fig. 3A and B). Additionally, there was a substantial increase of p53 
(Fig. 3C) and p21 (Fig. 3D) in IPF fibroblasts compared to fHP and 
control. Consistently, protein expression of p53 and p21 was signifi
cantly increased in IPF fibroblasts compared to HP, while no differences 
in p21 and p53 levels between HP and control fibroblasts were observed 
(Fig. 3E). These results suggest that the senescence is not part of the 
phenotype of fHP fibroblasts and that the upregulation of miR-155-5p 
may contribute to this observation. 

3.6. HP lung fibroblasts are characterized by proliferative phenotype 

MiR-155-5p induces cell proliferation, including fibroblasts [35]. 
Consequently, we examined the proliferative capacity of fHP fibroblasts, 
which overexpress miR-155-5p. As shown in Fig. 4A, fHP fibroblasts 
exhibit a heightened proliferative capacity compared to control and IPF 
fibroblasts. In addition, these cells also showed increased expression of 
the proliferation-associated genes ki-67 and PCNA (Fig. 4B and C). These 
results indicate that fHP fibroblasts have a distinctive phenotype char
acterized by an increased capacity for proliferation. 

3.7. TP53INP1 is decreased in fHP lung fibroblasts 

To investigate the potential link between increased proliferation and 
miR-155-5p expression and identify validated targets associated with 
this phenotype, we analyzed the miR-155-5p interaction network with 
DEGs between fHP and IPF fibroblasts (Fig. 5A). Among these, we 
identified as one of the most downregulated genes, the Tumor Protein 
P53 Inducible Nuclear Protein 1 (TP53INP1), which is an anti
proliferative protein overexpressed in IPF lungs [20] and a conserved 
target of miR-155-5p (Fig. 5B). Interestingly, analysis of TP53INP1 by 
qPCR and immunoblot shows a significant reduction of TP53INP1 at the 
gene and protein levels in fHP fibroblasts compared with IPF fibroblasts 
(Fig. 5C–E and Fig. S3A). This observation implies the potential for a 
functional association between miR-155-5p and TP53INP1 in fHP fi
broblasts. Additionally, IHC of TP53INP1 revealed a substantial 
decrease of this protein in HP lung tissue compared to IPF. Interestingly, 
we found that TP53INP1 was overexpressed in areas of interstitial cells 
forming fibroblastic foci in IPF tissue but not in similar areas in tissue 
from patients with fHP. No specific signal was observed when the spe
cific antibody was absent (Fig. S3B). 

3.8. miR-155-5p expression promotes increased proliferation and 
decreased migration in normal human lung fibroblasts 

To assess the potential impact of miR-155-5p on biological processes 
in normal human lung fibroblasts, we utilized an adenoviral system for 
gain-and-loss of function assays to regulate the miR-155-5p expression. 
Fig. 6A shows the transduction efficiency to increase (ON) or decrease 
(OFF) the expression of miR-155-p. Consequently, we examined the 
effects of miR-155-5p on TP53INP1 expression, proliferation, migration, 
and senescence markers in transduced normal human lung fibroblasts. 
Our results showed that higher expression of miR-155-5p causes a sig
nificant decrease in TP53INP1. Conversely, miR-155-5p inhibition leads 
to an increase in TP53INP1 expression (Fig. 6B). Next, we evaluated the 
effect of the miR-155-5p expression on the proliferation rate. Compared 
to control conditions, miR-155-ON significantly enhances the ability of 

Fig. 3. fHP lung fibroblasts do not express senescence markers. (A) Representative images of β-galactosidase activity of fibroblasts at basal conditions (n = 4 per 
group). Black arrows point to positive staining (blue). (B) Graph of β-galactosidase positive cells (n = 4 per group). qPCR relative expression of p53 (C) and p21 (D) in 
lung fibroblasts (n = 4 per group); (E) Blot of p53 and p21 in lung fibroblasts and graph of densitometric analysis of p21 and p53 relative to GAPDH (n = 4 per 
group). The bands of interest were cut from the original blots to create the image. Data are represented as the mean ± SD. The P-value was calculated by one-way 
ANOVA. *p < 0.05; **p < 0.01; ***p < 0.001. 
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lung fibroblasts to proliferate. Meanwhile, miR-155-5p inhibition (miR- 
155 OFF) produced the opposite effects (Fig. 6C). 

These outcomes are supported by the observation that augmenting 
miR-155-5p expression elevated the PCNA levels, and his loss decreased 
the expression of PCNA (Fig. 6D). Furthermore, the effect of miR-155-5p 
expression on migration was assessed through transwell experiments 

(Fig. 6E). In this sense, overexpression of miR155-5p decreases the 
ability of fibroblasts to migrate, but its inhibition has no effect. A wound- 
healing assay supported these results (Fig. S4 A). Furthermore, we 
investigated the impact of miR-155-5p overexpression on senescence 
markers. Our results show that the loss of miR155-5p induced by 
transduction (OFF) causes a significant increase in the activity of 

Fig. 4. Proliferation is increased in fHP lung fibroblasts. (A) Fibroblast proliferation was detected with CyQuant at 72h (n = 4 per group). qPCR relative 
expression of PCNA (B) and Ki-67 (C) in fibroblasts normalized to HPRT values. Data are represented as the mean ± SD of three independent experiments. ***p <
0.001 by two-way ANOVA. 

Fig. 5. TP53INP1 expression is decreased in fHP lung fibroblasts. (A) Regulatory interaction network generated in Cytoscape for DEGs between HP lungs and IPF 
lungs; red indicates that gene expression is upregulated; blue indicates that gene expression is downregulated in HP lungs compared to IPF lungs. Expression value 
was retrieved from GSE21369 (rectangles) and GSE150910 (circles). (B) Schematic representation shows the conserved miR-155 binding site of TP53INP1 3′-UTR. 
Retrieved from TargetScan database version 7.0 (http://www.targetscan.org/). (C) qPCR analysis of TP53INP1 in lung fibroblasts (n = 4 per group). Data were 
normalized to HPRT expression. (D) Blot of TP53INP1 in lung fibroblasts (n = 4 per group). The bands of interest were cut from the original blots to create the image. 
(E) Densitometric analysis of TP53INP1 immunoblots relative to GAPDH values * p < 0.05 by one-way ANOVA. 
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β-galactosidase and the markers p21 and p53 (Fig. S4 B-D). 
Additionally, lung fibroblasts are recognized as the leading pro

ducers of extracellular matrix. In this context, the inhibition of miR-155- 
5p significantly increases the production of fibrillar collagens COL1A1 
and COL3A1 (Fig. S4 E). Our findings indicate that miR-155-5p can 

modulate fibroblast phenotype by regulating proliferation, migration, 
senescence, and extracellular matrix collagen production. 

Fig. 6. miR-155-5p expression promotes increased proliferation and decreased migration in lung fibroblasts. Normal human lung fibroblasts were transduced 
with adenoviral particles of miR-155-5p-ON, miR-155-5p-OFF, or Null construction. (A) qPCR analysis of miR-155-5p after 72 h with adenoviral particles (MOI 100). 
(B) TP53INP1 expression measured by qPCR. Data was normalized to HPRT values. (C) Fibroblast proliferation was determined with CyQuant. (D) qPCR analysis of 
PCNA in transduced lung fibroblasts. (E) Migration measure by transwell invasion assay. The bars represent values of crystal violet staining at 590 nm. Data are 
represented as the mean ± SD. The P-value was calculated by one-way ANOVA *p < 0.05; **p < 0.01; ***p < 0.001. 

Fig. 7. TGF-β, IL-17A, and IL-4 induce miR-155-5p expression in lung fibroblasts. Analysis of miR-155-5p (A) and TP53INP1 (B) expression levels by qPCR 
following stimulation with TGF-β, IL-17A, and IL-4 at 10 ng/ml for 24h. *p < 0.05, ***p = 0.001. (C) A schematic representation shows the interaction among 
cytokines in the HP lung environment, miR-155-5p expression, TP53INP1 expression, and phenotypic features in fHP lung fibroblasts. Created with BioRender.com. 
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3.9. TGF-β, IL-17A, and IL-4 induce miR-155-5p expression in HP lung 
fibroblasts 

Finally, as TGF-β, IL-17A, and IL-4 are cytokines associated with lung 
fibrosis [36,37], we evaluated their impact on miR-155-5p expression in 
HP lung fibroblasts in vitro. As shown in Fig. 7A, the treatment of fi
broblasts with TGF-β, IL-17A, and IL-4 significantly enhanced the basal 
expression of miR-155-5p (Fig. 7A). However, only TGF-β stimulation 
provokes the opposite effect on TP53INP1 expression (Fig. 7B). 

4. Discussion 

In this study, we analyzed bulk RNA-seq data from HP lungs to 
identify a transcriptional signature and potential DEGs, and we found 
around 50 DEGs shared by several databases that differentiate HP from 
control and IPF lungs. Importantly, using mirTarBase, we identified 18 
miRNAs that could regulate DEGs in HP lung, including miR-155-5p. 

Gene enrichment analysis revealed several signaling pathways 
related to inflammatory response [19,20] and interferon response in HP. 
Interestingly, we found that CLDN18 is overexpressed in HP lungs 
compared to IPF lungs. This claudin is a lung-specific tight junction 
protein, the most abundant one in alveolar epithelial type I cells (AT1). 
Its deficiency in mice leads to impaired alveolarization and dysfunction 
of the alveolar epithelial barrier [38,39]. In sharp contrast, as suggested 
in our analysis, recent evidence by Gao et al. demonstrated that CLDN18 
decreases in IPF compared with normal lungs, supporting the notion of 
the epithelial dysregulation that characterized this disease [40]. 

We also identified PLA2G2D over-expression in HP lungs relative to 
IPF lungs. PLA2G2D belongs to the phospholipase A2 family that may be 
involved in inflammation and immune response [41]. In this regard, 
lung fibroblasts of the PLA2G2Ahigh subpopulation are enriched in pa
tients with fibrotic HP, which display greater angiogenesis activity and 
signatures of an inflammatory response, suggesting a role in pathogen
esis [42]. 

Our study identified 18 potential key miRNAs implicated in HP 
pathogenesis. Notably, some of them (e.g., hsa-miR-92a-3p, hsa-miR-17- 
5p, and hsa-miR-20a/b) belong to the miR-17-92 cluster, which is 
epigenetically silenced in IPF lung fibroblasts [43]. However, our in
terest focused on the increased miR-155-5p, a multifunctional miRNA 
implicated in several cellular processes involved in the pathogenesis and 
progression of fibrosis, including proliferation and senescence [15,17]. 
Although the ontogenetic analysis did not show a significant upregula
tion of these pathways, which is not surprising since published omics 
data for HP are scarce and might be insufficient to enrich them, we 
decided to evaluate the possible impact of this miRNA since there is no 
related experimental data in isolated fibroblasts which are the primary 
cells orchestrating the fibrosing damage characteristic of these diseases. 
Additionally, proliferation and senescence are fundamental processes 
related to other pathways such as EMT, myogenesis, interferon response, 
or inflammatory response that we found to be increased in HP. 

IPF is an irreversible, chronic, and fatal interstitial lung disease of 
unknown origin, primarily affecting older adults [44]. IPF is an 
age-related disease in which senescence in epithelial cells [45] and fi
broblasts [46,47] has been reported, increasing the fibrotic response. In 
this sense, p53 is critical in regulating the increased cellular senescence 
in IPF fibroblasts [48]. Furthermore, it acts as a negative regulator of 
miR-155-5p [34]. Therefore, we investigated the expression of senes
cence markers, including p53, in lung fibroblasts. Surprisingly, we 
discovered that fHP fibroblasts, under basal conditions, do not exhibit 
senescence markers, such as p53, p21, and SA-β-galactosidase activity, 
unlike IPF fibroblasts, where the occurrence of these senescence markers 
is elevated [49]. 

MiR-155-5p is overexpressed in cancer and is essential to sustain cell 
proliferation [13]. Therefore, we analyzed the proliferation rate of HP 
lung fibroblasts and found that it increases cell division. Then, we 
analyzed the expression TP53INP1, a validated target of miR-155-5p 

associated with proliferation. TP53INP1 belongs to a gene family con
taining two members, TP53INP1 and TP53INP2. The functions of 
TP53INP1 are involved in p53 activation and participate in cell survival 
and cycle arrest [50]. Our findings reveal a decrease of TP53INP1 in fHP 
fibroblasts compared to IPF fibroblasts and correlated with their high 
proliferation. Interestingly, this reduction was also observed in lung 
tissue from fHP patients, particularly in mesenchymal cell foci. These 
findings indicate that senescence is not a distinctive aspect of the typical 
fHP lung fibroblasts. By contrast, the proliferative phenotype of these 
cells may be a distinguishing hallmark, along with the upregulation of 
miR-155 5-p, which may help differentiate them from other interstitial 
disorders, such as IPF. 

Going deeper, we examined the role of miR-155-5p on two funda
mental mechanisms in the biological function of lung fibroblasts: pro
liferation and migration by manipulating the miR-155-5p expression 
through an adenoviral system. Our results showed that miR-155-5p 
over-expression markedly increased the proliferation rate and the 
expression of proliferation markers, as well as reduced migratory ca
pacity. The opposite results were obtained with miR-155-5p inhibition, 
which, in addition, caused an increase in some senescence markers, such 
as SA-β-galactosidase activity, p53, and p21 expression. These effects 
could be partially regulated by TP53INP1 expression, which was 
decreased when lung fibroblasts overexpressed miR-155-5p. 

Finally, we investigated the impact of crucial cytokines, including 
TGF-β, IL-17A, and IL-4, on miR-155-5p and TP53INP1 expression; 
notably, all three cytokines induced miR-155-5p expression in fHP lung 
fibroblasts. A previous report found that this cytokine down-regulated 
miR-155-5p expression in normal fibroblasts [16]. However, the ex
periments were performed in only one commercially obtained line of 
fibroblasts. The abundance of cytokines in the HP lung environment may 
partially explain the heightened expression of miR-155-5 in fHP fibro
blasts compared to IPF and control fibroblasts. However, only TGF-β 
provoked an increase in the expression of miR-155-5p and, concomi
tantly, a reduction of TP53INP1. Further studies are required to precise 
the role of TGF-β, IL-17A, and IL-4/miR-155-5p/TP53INP1 axis in HP 
lung fibroblasts. 

It is important to emphasize that the function of miR-155-5p in 
different forms of pulmonary fibrosis is still controversial due to 
inconsistent findings in experimental models. For example, in one study, 
it was found that mice that lacked miR-155-5p− /− demonstrated an 
enhanced fibrotic response caused by bleomycin [51]. Likewise, the use 
of antagomiR-155 mitigated alveolitis [52] and reduced histological 
changes and hydroxyproline levels in bleomycin or silicosis-induced 
pulmonary fibrosis models [53], indicating a putative profibrotic role 
of 155-5p. 

However, other studies suggest that miR-155-5p may decrease the 
profibrotic phenotype induced by TGF-β [54,55], and moreover, another 
study reported that mice miR-155− /− show lower fibrosis after 
bleomycin-induced lung injury than in wild-type mice [33], implying 
that it may have an anti-fibrotic role in pulmonary fibrosis. Further 
studies are required to determine the circumstances in which 
miR-155-5p exhibits anti- or profibrotic effects in lung fibrosis. 

In summary, by integrating all existing bulk RNA-seq datasets, our 
study reveals the transcriptomic signature and associated miRNAs in HP 
lungs. Our collective findings show that the overexpression of miR-155- 
5P in fHP fibroblasts contributes to the high proliferative capacity of 
these cells due, in part, to a TP53INP1-dependent mechanism. Likely, 
the specific inflammatory microenvironment that surrounds these cells, 
which is characterized by the presence of cytokines such as TGF-β, IL-4, 
and IL-17, may, in part, be responsible for the proliferative phenotype 
which can distinguish them from other fibrotic conditions such as IPF 
(Fig. 7C). The candidate genes, pathways, and miRNAs identified in this 
study provide a foundation for future research in a field that is still 
poorly explored. The findings could improve the comprehension of the 
molecular and cellular mechanisms underlying HP and facilitate the 
identification of new therapeutic targets for this condition. 
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5. Conclusions 

In conclusion, a transcriptional signature of 53 genes that may be 
useful to distinguish HP from IPF was identified. CLDN18, EEF2, CXCL9, 
PLA2G2D, and ZNF683 are potential targets for future studies. Addi
tionally, 18 microRNAs may be helpful to establish differences between 
these two pathologies. Our results suggest that the balance between 
miR-155-5p and its target TP53INP1 is an essential part of the molecules 
that may influence the fibroblast phenotype characteristic of these 
fibrosing diseases; in particular, the overexpression of miR-155-5p in 
fHP and the decrease of TP53INP1 may be the cause of the increased 
proliferative profile in these cells. Our findings may help to differentiate 
and characterize their phenotype and to increase knowledge on this 
disease. 
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dysfunction contributes to the senescent phenotype of IPF lung fibroblasts, J. Cell 
Mol. Med. (2018), https://doi.org/10.1111/jcmm.13855. 
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