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Integrin Axis Regulates Airway Biophysical
Dysfunction in Idiopathic Pulmonary Fibrosis

To the Editor:

Distal airways appear to be involved in idiopathic pulmonary
fibrosis (IPF) pathogenesis, even in regions of minimal fibrosis
(1,2). Our previous work has demonstrated that distal airway
epithelial cultures from patients with IPF recapitulate in vivo
distal airways and exhibit significant biophysical and
structural defects in vitro (3). We have shown that IPF
epithelia display a phenotypical delay in the jamming
transition, which is characterized as a transition within an
epithelium from a fluid or migratory (unjammed) to a solid or
nonmigratory (jammed) phase (3–6). Our previous work
demonstrated that control distal airway epithelia undergo the
jamming transition around Day 8 of air–liquid interface (ALI)
culture. However, IPF distal airway epithelia persist in an
unjammed phase past Day 14 of culture and persisted until
approximately Day 28 of ALI (3). We identified several
pathways differentially regulated in the unjammed phase by
comparing bulk RNA-sequencing data from distal airway
epithelia from control donors (N = 3) and those with IPF
(N = 4) at ALI Day 4, Day 8, and Day 14. Genes
downregulated across the jamming transition in control
cells (between Days 4 and 8) demonstrated an enrichment
for focal adhesions, cellular cytoskeleton, stress fiber
formation, and endocytosis consistent with a shift from a
migratory to nonmigratory state. This gene profile was
conserved when comparing control (jammed) and IPF
(unjammed) distal epithelia at Days 8 and 14 of ALI.
Interestingly, pathway analysis of these genes demonstrated an
enrichment for integrin, ERBB, and focal adhesion kinase
(FAK) signaling.

Integrin signaling dynamically interacts with all of the
enriched pathways and is critical for epithelial integrity,
stemness, and migration (7, 8). A central downstream regulator
of integrin-dependent epithelial migration is activation of SRC
family kinases (SFK) and FAK (8). Integrin activation signals to
SFK and FAK to regulate cell migration (8). Achieving this highly
dynamic state in an epithelial tissue requires intricate
coordination of endocytosis for protein recycling and
extracellular signal-regulated kinase (ERK) for continued gene
transcription (8). This raised the question if inhibition of these
targets could modulate IPF distal epithelial biophysics and gene
signatures.

We obtained distal airway epithelial cells (airway internal
diameter,2 mm) from control (N = 4) and IPF (N = 6) lungs that
were not suitable for transplantation. Donors were matched on
the basis of age, sex, smoking history, andMUC5B variant status.

Distal epithelial cultures were expanded to passage 2 before
experimentation. At passage 2, cells were seeded on a
24-Transwell plate coated with type I collagen and maintained in
submerged conditions for 5–7 days before establishing ALI as
previously reported (3).

Control and IPF distal airway epithelial cells were sent for
bulk RNA sequencing on ALI Days 4, 8, and 14. Differential
expression was assessed utilizing DESeq2 (Bioconductor) with
pathway enrichment analysis performed with Enrichr.
Benjamini-Hochberg false discovery rate-adjusted P values less
than 0.05 were considered significant (9, 10). RNA-sequencing
data have been deposited to the National Center for
Biotechnology Information Gene Expression Omnibus and are
accessed at GSE17600.

Experiments were performed as previously published (3).
Briefly, time-lapse microscopy was utilized on ALI Day 14 for IPF
distal airway epithelia. Cells were imaged in a stage incubator
(37�C and 5% CO2) consecutively for 48 hours after inhibitor
treatment. Root mean squared velocity (VRMS) and shape index
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were obtained through forward

integration of velocity fields with particle image velocimetry and
apical cell segmentation, respectively.

Transepithelial electrical resistance (TEER) was utilized as a
proxy for barrier function and cell viability. TEER was compared
with baseline values for each well prior to treatment and
measured every 24 hours following treatment for up to 48 hours.
Gene expression was assessed utilizing TaqMan assays with each
point representing the average of a single donor Transwell run in
triplicate.

To assess the signaling regulation of the biophysical
dysfunction, we inhibited four processes throughout the
integrin signaling axis: 1) integrin activation (b1), 2) clathrin-
mediated endocytosis, 3) SFK signaling, and 4) ERK or FAK
activation. Day 14 distal airway epithelia were transferred to a
starvation media 24 hours before treatment. Media was then
supplemented with a single inhibitor for 2–4 hours, followed
by replacement of the starvation media. We found that brief
exposure to inhibitors was sufficient to modify the biophysical
state without significantly impairing barrier function of the
epithelium, as was the case with extended inhibitor treatment
(Figure 1A). Untreated IPF distal epithelia maintained a high
VRMS, indicating that the epithelial layer is in the unjammed
phase. However, upon inhibiting b1 integrin, endocytosis,
SFK, ERK, or FAK signaling, the IPF epithelia rapidly entered
the jammed, nonmigratory phase. The distal epithelia persisted
in a jammed phase for longer than 48 hours of imaging
(Figure 1A). The entrance into the jammed phase owing to
integrin, endocytic, SFK, ERK, or FAK inhibition was also
illustrated in a dynamic shift in epithelial cell shape (Figure
1B). The shape index (q) is a predictive jamming measurement
of the perimeter-to-area ratio for the apical surface of the
epithelium. Tissues with q. 3.81 are predicted to be in the
unjammed phase, whereas tissues with q, 3.81 are predicted
to be in the jammed phase. IPF epithelia at Day 14 of ALI
have an average q well above this threshold. However, 48
hours after inhibition of b1 integrin, endocytosis, SFK, ERK,
or FAK, the IPF epithelial q is less than 3.81, indicating the
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acquisition of a cobblestone-like epithelial structure and the
jamming transition. Notably, entrance into the jammed state
via signaling inhibition did not diminish epithelial integrity as
measured by the TEER. Instead, barrier function continued to
increase with treatment similar to that of the untreated control
and IPF epithelial cells indicating the maintenance of the
epithelium (Figure 1C).

Next, we tested if inhibition of b1 integrin, endocytosis, SFK,
ERK, or FAK in IPF epithelia could rescue aberrant expression of
integrin and extracellular matrix-related genes. We found that
inhibition of IPF epithelia diminished aberrant integrin (ITGB1,
ITGB4, and ITGB6) gene expression after 48 hours (Figure 2).
Additionally, we observed that integrin b1, b4, and a6 laminin
binding partners LAMA5, LAMB1, and LAMC1 (laminin-511)
transcript expression decreased 48 hours after IPF epithelial
inhibition (Figure 2).

Our findings are twofold: 1) biophysical dysfunction in the distal
airway can be rescued via modulation of integrin-directed signaling,
and 2) more broadly that the unjammed phase of IPF epithelia can be
regulated via integrin and integrin-related signaling pathways. The

targeting of the airway epithelium, integrin, and integrin-related
signaling represent a pathologically relevant axis for disease
intervention. These data expand our knowledge of IPF airway
epithelial biology, identifying novel molecular targets while
establishing a role for altered airway epithelial matrix biology in IPF
pathogenesis. Future studies are needed to understand the relevant
matrix-integrin complexes in disease and migration as well as
differential downstream targets to modulate disease
phenotypes.�
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Figure 1. Inhibition of integrin signaling axis rescues biophysical dysfunction in idiopathic pulmonary fibrosis (IPF) distal airway epithelia.
Control and IPF distal airway epithelial cells were treated with dimethylsulfoxide as a treatment carrier control. To inhibit the integrin-related
signaling axis, IPF distal airway epithelial cells were treated at air–liquid interface Day 15 with endocytosis (Dyngo4a 1 mm and PitStop 10 mm),
SRC family kinases (dasatinib 10 mm and saracatinib 1 mm), focal adhesion kinase (PF573228 5 mm), extracellular signal-regulated kinase
(SCH772984 500 nM), or an Integrin b1 (AIIB2 20 mg/ml) inhibitor and imaged continuously for 48 hours. Inhibition demonstrated the entrance
into the jammed phase by (A) root-mean-square velocity (VRMS) and (B) the perimeter-to-area cell shape ratio. Inhibitor treatment did not reduce
barrier function (C) as measured by the transepithelial electrical resistance (TEER). Shown: mean6 95% confidence interval for control (N=4)
and IPF (N=6) with at least three technical replicates.
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Figure 2. Inhibition of integrin signaling axis reduces gene expression of integrin-matrix binding partners. Control and IPF distal airway epithelial
cells were treated with DMSO as a treatment carrier control. IPF distal airway epithelial cells were treated at air–liquid interface (ALI) Day 15 with
endocytosis (Dyngo4a 1mm and PitStop 10 mm), SRC family kinases (dasatinib 10 mm and saracatinib 1 mm), focal adhesion kinase (PF573228
5 mm), extracellular signal-regulated kinase (SCH772984 500 nM), or an integrin b1 (AIIB2 20 mg/ml) inhibitor. Treatment of the cultures began
on Day 15 of ALI, and RNA was collected on Day 17 of ALI. Inhibitor treatment of IPF distal airway epithelia reduced ITGB1, ITGB4, and ITGA6
gene expression across nearly all conditions back to control-like levels. Additionally, the gene expression of integrin-matrix binding partner
laminin-511, composed of LAMA5, LAMB1, and LAMC1, was reduced after inhibitor treatment. Shown: mean695% confidence interval for
control (N=3) and IPF (N=3) with at least three technical replicates. A Welch and Brown-Forsythe one-way ANOVA was performed to identify
statistical significance with a representing P,0.05 compared with IPF untreated and b representing P,0.05 compared with control untreated.
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