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Dual inhibition of a,35 and a, 3, reduces s

fibrogenesis in lung tissue explants
from patients with IPF
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Vikram Rao', Megan M. Marlow', Prerna Kotak', Erine H. Budi', Lisa Hooi', Jianfeng Wu', Marina Fridlib',
Shamra P. Martin', Shaoyi Huang', Ming Chen', Manuel Mufioz', Timothy F. Hom', Paul J. Wolters?,

Tushar J. Desai®, Fernando Rock', Katerina Leftheris', David J. Morgans'?, Eve-Irene Lepist', Patrick Andre'#,
Eric A. Lefebvre' and Scott M. Turner"”

Abstract

Rationale: g, integrins, key regulators of transforming growth factor- activation and fibrogenesis in in vivo models
of pulmonary fibrosis, are expressed on abnormal epithelial cells (a,) and fibroblasts (a,3;) in fibrotic lungs.

Objectives: We evaluated multiple a, integrin inhibition strategies to assess which most effectively reduced fibro-
genesis in explanted lung tissue from patients with idiopathic pulmonary fibrosis.

Methods: Selective a,34 and a,B;, dual a,B¢/a,B;, and multi-a, integrin inhibitors were characterized for potency,
selectivity, and functional activity by ligand binding, cell adhesion, and transforming growth factor-$ cell activation
assays. Precision-cut lung slices generated from lung explants from patients with idiopathic pulmonary fibrosis or
bleomycin-challenged mouse lungs were treated with integrin inhibitors or standard-of-care drugs (nintedanib or
pirfenidone) and analyzed for changes in fibrotic gene expression or TGF-f signaling. Bleomycin-challenged mice
treated with dual a, 34/, 3, integrin inhibitor, PLN-74809, were assessed for changes in pulmonary collagen deposi-
tion and Smad3 phosphorylation.

Measurements and main results: Inhibition of integrins a,3, and a, 3, was additive in reducing type | collagen
gene expression in explanted lung tissue slices from patients with idiopathic pulmonary fibrosis. These data were
replicated in fibrotic mouse lung tissue, with no added benefit observed from inhibition of additional a, integrins.
Antifibrotic efficacy of dual a ¢/a,B, integrin inhibitor PLN-74809 was confirmed in vivo, where dose-dependent
inhibition of pulmonary Smad3 phosphorylation and collagen deposition was observed. PLN-74809 also, more
potently, reduced collagen gene expression in fibrotic human and mouse lung slices than clinically relevant concen-
trations of nintedanib or pirfenidone.

Conclusions: In the fibrotic lung, dual inhibition of integrins a3, and a, 3, offers the optimal approach for blocking
fibrogenesis resulting from integrin-mediated activation of transforming growth factor-3.

Keywords: Transforming growth factor-@3, Precision-cut lung slice, Antifibrotic, a,, integrin, PLN-74809

c . | Background

*Correspondence: sturner@pliantrx.com . . . . .

"Martin L. Decaris, Johanna R. Schaub and Chun Chen—co-first authors Idlopathlc pulmonary fibrosis (IPF) is a fatal disease char-
' Pliant Therapeutics, South San Francisco, CA, USA acterized by progressive lung scarring, impaired oxygen
Full list of author information is available at the end of the article diffusion, exertional dyspnea, and a mean life expectancy

©The Author(s) 2021. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativecom-
mons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://orcid.org/0000-0002-6618-6405
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12931-021-01863-0&domain=pdf

Decaris et al. Respir Res (2021) 22:265

of <4 years [1, 2]. Current standard-of-care drugs for IPF,
nintedanib and pirfenidone, have modest effects on pul-
monary function and life expectancy; however, neither
halt disease progression or consistently improve qual-
ity of life [3—5]. Improved strategies for treating IPF are
required.

The pathobiology of IPF, although incompletely under-
stood, is thought to initiate from chronic injury to and/
or aging of the alveolar epithelium, resulting in an aber-
rant wound healing response and the sustained produc-
tion of pro-inflammatory and profibrotic factors [1, 2].
This ultimately leads to the activation and differentiation
of perivascular and interstitial mesenchymal cells into
myofibroblasts, the primary cell population responsible
for pulmonary fibrogenesis (e.g. collagen synthesis). Ele-
vated transforming growth factor-p (TGF-p) signaling is
a hallmark of IPF, promoting fibroblast-to-myofibroblast
transition, collagen gene expression, and the deposition
of scar tissue which impairs pulmonary function [6, 7].
Pharmacological inhibition of TGF-f therefore offers a
promising approach for treating IPF. However, because
TGF-p also regulates many important homeostatic func-
tions throughout the body, its systemic inhibition may
result in toxicities and a targeted approach for TGE-
inhibition is desired [8—12].

TGE-p is secreted in a latent (inactive) form, requiring
extracellular enzymatic or mechanically induced activa-
tion to engage cell surface receptors [9, 11]. a, integrins
(o By o By o Ps P and afg)—five heterodimeric
transmembrane proteins capable of transducing mechan-
ical force between cells and the ECM—have been pro-
posed as key mediators of TGF-p activation in fibrosis.
a, integrins are upregulated in fibrotic tissues and can
induce activation of two of the three TGF-p isoforms
(TGE-B; and TGE-PB3) through binding to the Arg-Gly-
Asp (RGD) sequence present in the latent TGF-f com-
plex [11, 13]. Targeting «, integrins, therefore, represents
an appealing strategy for restricting TGF-f signaling
inhibition to fibrotic tissues.

To date, it remains unclear which subset of «, integ-
rins is optimal to target in fibrotic human lungs. Elevated
a,Pe levels in lung epithelium of patients with IPF corre-
late with disease progression rate, and integrin subunit
B (ITGB6) knockout mice are protected from bleomy-
cin-induced lung fibrosis [14—16]. Both pharmacologi-
cal inhibition of o, expressed primarily on fibroblasts,
and conditional knockdown of Bg in fibroblasts, have
also been shown to improve outcome in mouse models
of lung and airway fibrosis [17-20]. While o, and o,
have been implicated in profibrotic mechanosignaling
by myofibroblasts, dual «,p,/a,p5 knockout mice are not
protected from bleomycin-induced lung fibrosis, and
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a,f; antagonists exacerbated liver fibrosis in mouse mod-
els [17,21-25].

Previous studies demonstrating antifibrotic effects
from a, integrin inhibition [13, 14, 20] have largely been
limited to the bleomycin mouse model, which does not
precisely replicate human disease [26, 27]. Precision-
cut lung slices (PCLSs) generated from lung explants of
patients with IPF collected at time of transplant, on the
other hand, offer a physiologically relevant ex vivo plat-
form to study fibrosis, preserving the diverse cellular and
ECM composition and architecture of fibrotic human
lungs [28-30].

Using a well-characterized set of small-molecule and
antibody-based integrin inhibitors, we evaluated multi-
ple a, integrin inhibition strategies to assess which most
effectively reduced TGEF-p signaling and fibrogenic gene
expression in human PCLSs.

Methods
Additional details for the methods described below are
provided in an Additional file 1.

Human lung tissue

Tissue samples from patients with IPF were acquired at
the time of lung transplantation. Written informed con-
sent was obtained from all subjects, and the study was
approved by the University of California Committee on
Human Research (San Francisco, CA, USA) or Stanford
University Institutional Review Board (Stanford, CA,
USA). Rejected donor lung tissues were acquired from
the University of California or Promethera Biosciences
(Durham, NC, USA) with appropriate authorizations.

Cell culture and reagents
Details for primary cells, cell lines, culture conditions,
and reagents are provided in Additional file 1.

Quantitation of a3, integrin and Smad2/3
phosphorylation levels

Integrin a,f, protein levels and Smad phosphorylation
levels in tissues or cells were quantified by the Meso Scale
Discovery custom electrochemiluminescence assay.

Integrin ligand-binding assays
Integrin ligand-binding assays were performed similar to
that previously described [31].

TGF-B co-culture assays

a,Be- or o, f,-expressing cells were co-cultured with mink
lung epithelial cells and small-molecule integrin inhibi-
tors to determine potency for blocking TGF-f activation,
similar to that previously described [20, 32].
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Primary cell latency-associated peptide (LAP) adhesion
assays

Adhesion of primary human lung cells to LAP was quan-
tified using the xCELLigence RTCA MP instrument
(ACEA Biosciences; San Diego, CA, USA) via cell imped-
ance measurements similar to that previously described
[33].

PCLS preparation, culture, and gene expression analysis
PCLSs were generated from explanted lung tissue from
patients with IPF and cultured as previously described
[30, 34—38]. Mouse PCLSs were generated and cultured
as previously described [39]. Messenger ribonucleic
acid (mRNA) levels in lysates prepared from snap-fro-
zen tissue slices were quantified via NanoString PlexSet
reagents and nCounter SPRINT Profiler (NanoString;
Seattle, WA, USA; Additional file 1: Table S2) or TagMan
primers/probes on a Bio-Rad CFX96 thermocycler (Bio-
Rad; Hercules, CA, USA; Additional file 1: Table S3).

In vivo bleomycin model and tissue collection

C57BL/6 mice (Charles River; Hollister, CA, USA) were
administered 3 units/kg bleomycin (Teva; Toronto, ON,
Canada) or vehicle (water) via oropharyngeal aspiration.
Lung tissue and bronchioalveolar lavage (BAL) cells were
collected after 14 or 21 days to evaluate Smad phospho-
rylation and collagen deposition.

Measurement of plasma PLN-74809 concentrations

Plasma concentration of PLN-74809, a dual a,Bs/o B,
inhibitor, was measured by liquid chromatography with
tandem mass spectrometry.

Total lung hydroxyproline (OHP) content and fractional
synthesis rate

OHP levels and fractional synthesis rates were deter-
mined similar to that previously described [40, 41].

Second harmonic generation (SHG) imaging
Formalin-fixed, paraffin-embedded mouse lung tissue
sections underwent SHG imaging to characterize the
quantity and quality of fibrillar collagen deposition using
methods similar to that previously described [42].

Statistics

For comparison of three or more groups within a single
experiment, data were compared via one-way analysis of
variance (ANOVA) with Dunnett’s multiple comparisons
test performed between each test group and the vehicle-
treated group. For comparison of three or more groups
across multiple PCLS experiments (i.e. multiple donor
tissues), donor-normalized data were compared via
repeated measures, one-way ANOVA, or a mixed-effects
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model with Dunnett’s multiple comparisons test per-
formed between each test group and the vehicle-treated

group.

Results

Potency and selectivity of small-molecule integrin
inhibitors

The potency and selectivity of small-molecule «, integ-
rin inhibitors were profiled using human integrin ligand-
binding assays (Table 1). PLN-74809, a dual o,f4/o,B;
inhibitor, was roughly equipotent for inhibition of o3¢
and a,f; (respective 50% inhibitory concentration [ICs]
values of 5.7 nM and 3.4 nM), with > 445-fold selectivity
over other o, integrins. An o f3;-specific small-molecule
inhibitor, Compound A, was determined to have an ICg,
of 2.3 nM for o, p; with 22-fold selectivity over o, ¢ and
>50-fold selectivity over other o, integrins. GSK3008348
and CWHM-12, «, integrin inhibitors previously
described in the literature [13, 43, 44], were determined
to be less selective for o, 4 and o, 3; than PLN-74809 and
Compound A, respectively. An «o,B-specific blocking
antibody, 3G9, with previously described selectivity pro-
file [45] was found to inhibit a B¢-ligand binding with an
ICy, of 7.34 nM.

Potency and selectivity of small-molecule a, integrin
inhibitors for blocking latent TGF- activation by o,
and a,f3; was also evaluated in co-culture assays combin-
ing integrin o B¢ or o, B;-expressing cells with a TGF-f3-
sensitive reporter cell line (Table 1).

PLN-74809 inhibited «f¢- and o, f;-induced TGEF-f
activation with ICy, values of 29.8 nM and 19.2 nM,
respectively. Selective «f; inhibitor, Compound A,
blocked a,B,- and o, ps-induced TGF-B activation with
ICs, values of 7.9 nM and 6047 nM, respectively, dem-
onstrating >750-fold functional selectivity for o,f3; over
a,Be despite the 22-fold biochemical selectivity. o[-
specific blocking antibody, 3G9, inhibited o, f¢-induced
TGE- activation with an IC;; value of 0.19 nM.

Antifibrogenic effects of integrin inhibitors in PCLSs
prepared from lung tissue from patients with IPF

PCLSs prepared from explanted lung tissue from patients
with IPF (n=5-7 individual patients; n>3 slices per
patient/treatment) were treated with integrin inhibi-
tors or vehicle for 7 days prior to fibrogenic gene expres-
sion analysis. Donor history for human lung samples is
listed in Additional file 1: Table S1. Slices from all lungs
had good viability following ex vivo culture (Additional
file 1: Fig. S1A). Following a 7-day incubation, dual o4/
a,B; inhibitor, PLN-74809, or a combination of o,f-
inhibiting antibody, 3G9, and a,3,;-small-molecule inhib-
itor, Compound A, significantly reduced collagen type
I alpha I (COL1A1) mRNA expression by 54% and 39%,
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Table 1 Ligand-binding assay ICs, and TGF-( activation assay ICs, for small molecule integrin inhibitors

Compound A (a,8, inhibitor)

PLN-74809 (dual a,B¢/a,B;)

Integrin Ligand binding IC5, (nM)  Fold selectivity (vs a,8,) Integrin Ligand binding IC5, (nM)  Fold
selectivity
(VS GVBS)

a,8, 23 T a,Bs 57 1x

a,Bs 498 22% a,B; 34 06x

a.B; 1164 51x a,B; >10,000 >1754x

a,Bs 504 221x a,Bs 6989 1226

a,Bs 2933 1286x a,Bs 2539 445x

Integrin TGF-B activation IC;, (nM) Fold selectivity (vs a,8,) Integrin TGF-B activation IC;y (nM) Fold
selectivity
(vs a,Bg)

a8, 79 T a,Bs 298 1x

a,Bs 6047 765x a,B, 19.2 0.6x

CWHM-12 (multi-a, inhibitor)

GSK3008348 (multi-a, inhibitor)

Integrin Ligand binding IC5, (nM)  Fold selectivity (vs a,8,) Integrin Ligand binding IC5, (nM)  Fold
selectivity
(VS GVBS)

a,B; 1.3 1x a,Be 34 1x

a,Bs 6.1 4.7 % a,B; 4.0 1.2x

a,fBs 0.7 0.5% aBs 299 89x

a,Bs 53 4.1 a,Bs 235 7.0x

a,Bs 73 5.6x% a,Bs 6.8 2.0x

Integrin TGF-B activation IC;, (nM) Fold selectivity (vs a,8;) Integrin TGF-B activation IC;y (nM) Fold
selectivity
(VS qVBS)

a,B; 2 1% a,Be 4.7 1%

a,Bs 3180 159% a,B; 174 37x%

1C54: 50% inhibitory concentration; TGF-p: Transforming growth factor-3

respectively (Fig. 1A; P<0.01). Inhibition of o, alone
with 3G9, or o, p; alone with Compound A, did not sig-
nificantly reduce COLIAI mRNA expression in PCLSs
from the same individuals. Analysis of additional fibro-
sis-related genes showed a similar effect, with dual o34/
o B, inhibition resulting in a greater reduction in expres-
sion of a-smooth muscle actin 2 (ACTA2; 33% decrease,
P<0.01) and plasminogen activator inhibitor 1 (serpin
family E member 1 [SERPINEI]; 45% decrease, P<0.01)
than inhibition of either integrin alone (Fig. 1B). Integ-
rin inhibitors were tested at concentrations > 10 x ICs,
for blocking o f¢ and/or o, integrin-mediated TGF-p
activation as described in Table 1. A potent inhibi-
tor of TGF-B receptor I (activin receptor-like kinase 5
[ALKS5]), R-268712, was also used as a positive control
(100 x reported ICgy). ALKS5 inhibition blocked collagen
gene expression by ~80% (P<0.0001), confirming TGF-
[-driven collagen gene expression in the PCLSs.
Follow-up analysis of PCLSs (n =3 individual patients)
treated with dual of¢/a,B; inhibitor PLN-74809 for

7 days showed an approximately 50% reduction in Smad2
phosphorylation, a marker of canonical TGF-f signal-
ing, consistent with a TGF-B-inhibitory mechanism of
action (Additional file 1: Fig. S1B; P<0.001). PCLSs gen-
erated from a single patient with IPF used to perform
a dose titration of PLN-74809 indicated that concen-
trations as low as 2 nM were sufficient to significantly
reduce COLIA1 expression (Additional file 1: Fig. S1C;
P<0.0001).

Antifibrogenic effects of integrin inhibitors in PCLSs
prepared from fibrotic mouse tissue

Due to a scarcity of explanted tissue from patients with
IPF, the bleomycin mouse model of pulmonary fibrosis
was utilized as a supplemental source of fibrotic lung tis-
sue for PCLS experiments. Additive antifibrotic effects
of a,f¢ and a,p, inhibition in PCLSs prepared from ble-
omycin-challenged mouse lungs were examined to assess
translatability of experimental results between mouse
and human lung tissue.
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Following 3 days of treatment, dual «, ¢/« f3; inhibitor
PLN-74809 dose-dependently reduced Collal mRNA
expression in PCLSs prepared from fibrotic mouse lungs
by up to 71%, with a significant reduction observed at
concentrations as low as 16 nM (Additional file 1: Fig.
S2; P<0.05). Similar to our observation in human PCLSs,
dual inhibition of a,B4/a, B, for 7 days with PLN-74809 or
a combination of a,f4 inhibitor, 3G9, and «a,f; inhibitor,
Compound A, was also effective at significantly reduc-
ing Collal mRNA expression in PCLSs prepared from
fibrotic mouse lungs, whereas treatment with 3G9 or
Compound A alone was not (Fig. 2A). Dual a,B4/a, B,
inhibition with PLN-74809 (200 nM) was also shown
to inhibit collagen mRNA expression to virtually the
same degree as less selective multi-a, integrin inhibi-
tors, GSK3008348 (1000 nM) and CWHM-12 (1000 nM),
following 3 days of treatment in PCLSs prepared from
acutely injured mouse lungs, indicative of no additional

benefit from inhibition of integrins o, (33, ,Bs, or o Pg in
reducing fibrogenesis (Fig. 2B).

Characterization of a,(, in fibrotic lung tissue

While upregulation of «, 34 in fibrotic human lung tissue
has previously been described, little is known about «,f3;
protein levels in this setting. We therefore quantified o, 3,
protein levels in healthy and fibrotic human lung tissue
via custom electrochemiluminescence assay. Donor his-
tory for human lung samples is listed in Additional file 1:
Table S1. Mean a3, protein levels were elevated by 2.7-
fold (Fig. 3A; P<0.001) in lung tissue from patients with
IPF (n=21) compared with healthy subjects (n=10).
A similar approach was used to assess o, p; levels in
fibrotic mouse lungs 21 days following bleomycin chal-
lenge. Mean a,f3; protein levels were elevated by 1.6-fold
(Fig. 3B; P<0.01) in bleomycin-challenged lung tissue
compared to healthy mouse lung tissue.
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Inhibition of primary lung epithelial cell and fibroblast
adhesion to LAP

Dual o, f¢/a B, inhibitor, PLN-74809, was tested along-
side specific inhibitors of a,fs (3G9) and o,f; (Com-
pound A) to confirm the respective role of these integrins
in mediating primary human lung epithelial cell (n=2
individual healthy donors) and primary human lung
fibroblast (HLF; n =3 individual healthy donors and n=4
donors with IPF) adhesion to LAP. PLN-74809 and 3G9
fully inhibited o3, integrin-mediated adhesion to LAP
by normal human bronchial epithelial cells with IC;, val-
ues of 39.3 nM and 0.368 nM (57.9 ng/ml), respectively
(Fig. 3C). ap,;-selective inhibitor, Compound A, was
unable to effectively block normal human bronchial epi-
thelial cell adhesion to LAP at the concentrations tested
(IC50>1000 nM; Fig. 3C). PLN-74809, but not 3G9, was
also able to block integrin-mediated adhesion to LAP by
HLFs isolated from normal or fibrotic lung tissue, with
IC,, values of 15.7 nM and 23.5 nM, respectively (Fig. 3D,
E). a,B;-selective inhibitor, Compound A, also blocked
normal and IPF HLFs from adhering to LAP with IC,,
values of 26.1 nM and 24.4 nM, respectively. Individually,
pan-o, integrin- and pan-f; integrin-blocking antibodies
also inhibited HLF adhesion to LAP, indicating that o,
specifically, not additional «,- or ;-containing integrins,
drives this cell-ligand interaction.

Antifibrotic effects of dual a,4/a,B, inhibition

in the bleomycin mouse model

While dual oB¢/a,p; inhibition significantly reduced
markers of fibrogenesis (TGF- signaling and collagen
gene expression) in IPF PCLSs, this model system is
not conducive to measuring changes in collagen protein
deposition, a process which occurs at a slower pace. We
therefore investigated the effects of dual o, fs/a B, inhi-
bition on collagen deposition in vivo using the standard
bleomycin mouse model of pulmonary fibrosis. Dual
a,Be/a,pB, inhibitor, PLN-74809, was dosed orally (100,
250, and 500 mg/kg twice daily [BID]) from Day 7 to
Day 21 following bleomycin challenge. Morphometric
analysis of lung tissue sections following SHG imag-
ing showed a dose-dependent, significant reduction in
interstitial fibrillar collagen deposition in bleomycin-
challenged mice receiving PLN-74809 compared with
vehicle (Fig. 4A, B). PLN-74809 also dose-dependently
blocked Smad3 phosphorylation (Fig. 4C), consistent
with inhibition of latent TGF-p activation. Total pulmo-
nary hydroxyproline levels and deposition rate—the lat-
ter being determined by measuring *H incorporation
into newly synthesized hydroxyproline following stable
isotope labeling of mice with *H,0—were also dose-
dependently reduced by PLN-74809 when compared
with vehicle-treated mice (Additional file 1: Fig. S3A, B).
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Fig.3 Mean (£5D) a3, protein levels measured in A lung tissue from healthy subjects vs patients with IPF and B healthy vs fibrotic mouse lung
tissue (21 days post-bleomycin challenge). Efficacy of integrin inhibitors of a, B4 (3G9), 0,8, (Compound A), or a,B/a,B; (PLN-74809) at blocking

(C) normal human bronchial epithelial cell, D normal human lung fibroblast, and E IPF lung fibroblast adhesion to TGF-3 LAP as determined

by cell impedance assay. One representative donor cell plotted in (C-E) (mean [+ SD] for n=3 replicate measurements). Pan-a, integrin- and
pan-@, integrin-inhibiting antibodies were also used to demonstrate a,3,-mediated adhesion of normal and IPF lung fibroblasts to LAP (D, E). Ab:
antibody; conc: concentration; Cpd A: Compound A; IPF: idiopathic pulmonary fibrosis; LAP: latency-associated peptide; SD: standard deviation; SMi:
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To confirm the pharmacodynamic relationship
between PLN-74809 and TGEF-B signaling inhibition
in the lung, plasma PLN-74809 concentrations were
compared with lung tissue and BAL cell Smad2/3 phos-
phorylation levels in both bleomycin-challenged mice

(250 mg/kg BID, oral) and healthy mice (0-100 mg/
kg/day, infusion). Cells isolated from BAL reside in
the alveolar space and can, therefore, be used to assess
TGE-P signaling adjacent to o, 4-expressing epithelial
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Fig. 4 Pulmonary collagen deposition and Smad3 phosphorylation in bleomycin-challenged mice receiving dual a,8¢/a,B; inhibitor. A SHG
microscopy images of interstitial collagen deposition (blue) in lung tissue sections collected from sham-challenged or bleomycin-challenged
mice (vehicle or 500 mg/kg PLN-74809). B Morphometric analysis of interstitial fibrillar collagen deposition from SHG imaging, and C pSmad3/
Smad3 ratio in lung tissue from bleomycin-challenged mice treated with PLN-74809 (100, 250, and 500 mg/kg) or vehicle was compared to
sham-challenged mice. PLN-74809 was dosed orally (100-500 mg/kg BID) in mice from 7 to 21 days post-bleomycin-induced lung injury. A
Representative images show both fibrotic interstitial fine collagen fibers (blue) and denser normal structural collagens surrounding airways (red).
B, C Data presented as box and whisker plot with minimum, 25th, 50th, 75th percentile, and maximum values indicated. *P < 0.05; **P<0.01;
***¥%p < 0.0001. BID: twice daily; Bleo: bleomycin; PBS: phosphate-buffered saline; pSmad3: phosphorylated Smad3; SHG: second harmonic

cells. Phosphorylation of Smad2 or Smad3 in BAL
cells and lung tissue from bleomycin-challenged mice

(Fig. 5A, B) and healthy mice (Fig. 5C, D) inversely
correlated with plasma concentrations of PLN-74809,
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bleomycin-challenged mice. C Comparison of plasma PLN-74809 concentrations and pSmad2/Smad?2 ratio in BAL cells from healthy mice. D
Comparison of plasma PLN-74809 concentrations and pSmad3/Smads3 ratio in lung tissue from healthy mice. Bleomycin-challenged mice received
three oral, 250 mg/kg doses BID starting 13 days post-challenge, with lung tissue and BAL cells collected 14 days post-challenge at 2,4, 8,and 16 h
post-dose (n =2 per group). Healthy mice received continuous infusion of PLN-74809 (1, 3, 10, 30, or 100 mg/kg/day) via osmotic minipump. BAL:
Bronchoalveolar lavage; BID: twice daily; conc: concentration; PD: pharmacodynamics; PK: pharmacokinetics; pSmad2: phosphorylated Smad2;
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demonstrating exposure-dependent inhibition of

TGE- activation.

Comparing the antifibrogenic effects of dual a,84/a,8,

inhibitor, PLN-74809, with nintedanib and pirfenidone

PCLSs prepared from explanted lung tissue from
patients with IPF (n=5-7 individual patients) were
used to compare the antifibrotic effects of dual o,/
a,p, inhibitor, PLN-74809, with IPF standard-of-care
drugs, nintedanib and pirfenidone. PLN-74809 signifi-
cantly reduced COLIA1 mRNA expression when tested
alone (42%; P<0.001) or in combination with standard-
of-care drugs nintedanib (54%; P<0.0001) or pirfenidone
(47%; P<0.001), while nintedanib and pirfenidone alone
had no effect on COL1A1 expression when tested at their

approximate clinical maximum observed drug concentra-
tion (C,,,,) levels of 75 nM and 50 pM, respectively [46]
(Fig. 6A). PLN-74809 was also more effective at reducing
the expression of additional fibrosis-related genes, rela-
tive to vehicle, than nintedanib and pirfenidone, includ-
ing collagen type III alpha I (COL3A1; 30% reduction,
P<0.001), (SERPINE1; 39% reduction, P<0.001), and tis-
sue inhibitor of metalloproteinase 1 (TIMPI; 26% reduc-
tion, P<0.05) (Fig. 6B).

PLN-74809, alone or in combination with nintedanib
or pirfenidone, also significantly reduced Collal gene
expression in PCLSs prepared from fibrotic mouse
lungs following 7 days of treatment (Fig. 6C). Nin-
tedanib and pirfenidone alone did not significantly
alter collagen gene expression when tested at their
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Fig. 6 Effect of dual a,5/a,B; inhibitor (PLN-74809) and clinical standard-of-care drugs (nintedanib and pirfenidone) on A COL1AT expression and
B fibrosis-related gene expression in PCLSs prepared from explanted lung tissue from patients with IPF, and C ColTal expression in PCLSs prepared
from chronic bleomycin-challenged mouse lungs. A Data represent mean (& SD) of 5-7 independent IPF tissues with > 3 slices analyzed per
patient tissue. Symbols represent results from individual patient tissues. A, B Treatment effects were normalized to DMSO control for each tissue.
Culture and treatment were for 7 days. Concentrations used: PLN-74809 =200 nM; Nin =75 nM; Pirf=50 uM; ALK5i (R 268,712) =1 uM. C Data
represent mean (£ SD) of a single slice from n=6 mouse lungs. Symbols represent results for individual slices. Treatment effects were normalized
to DMSO control. Culture and treatment were performed for 7 days. *P < 0.05 vs DMSO; **P<0.01 vs DMSO; ***P < 0.001 vs DMSO; ****P < 0.0001 vs
DMSO. ACTA2: a-smooth muscle actin 2; ALK5i: Activin receptor-like kinase 5 inhibitor; IPF: Idiopathic pulmonary fibrosis; COLTAT: Collagen type |
alpha I; COL1A2: Collagen type | alpha Il; COL3AT: Collagen type Il alpha I; CTGF: Connective tissue growth factor; DMSO: dimethyl sulfoxide; GUSB:
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metalloproteinase 2; mRNA: messenger ribonucleic acid; Nin: Nintedanib; PCLS: Precision-cut lung slice; Pirf: pirfenidone; SD: Standard deviation;
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approximate clinical C_,, levels. The minimum con-
centrations of PLN-74809, nintedanib, and pirfeni-
done required to reduce Collal mRNA levels by 50%
in fibrotic mouse lung PCLSs were 172 nM, 897 nM,
and 678 pM, respectively, following 3 days of treatment
(Additional file 1: Fig. S4).

Discussion

Previous studies have presented strong evidence for the
role of a, integrins in the development and progression
of pulmonary fibrosis through their ability to activate
latent TGF-P, a key cytokine responsible for fibroblast-
to-myofibroblast transition and elevated collagen
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deposition. a,f¢ inhibition, af; inhibition, and pan-a,
inhibition have each been shown to ameliorate fibrosis in
mouse models of IPF [13, 20]. Since cell-to-ECM interac-
tions driven by a, integrins are required for a variety of
homeostatic functions throughout the body, the optimal
approach for blocking a, integrins in pulmonary fibrosis
should be limited to the subset of a, integrins that per-
petuate TGF-f activation and fibrogenesis in the fibrotic
lung. Here we compared single inhibition of o4 and
a,pB, with dual inhibition of both integrins, demonstrat-
ing a clear additive effect from blocking both integrins
in reducing collagen expression in ex vivo cultures of
lung tissue from patients with IPF. Approximately two-
thirds of the TGF-p receptor I kinase-dependent (ALK5-
dependent) collagen gene expression in lung explant
cultures from patients with IPF could be suppressed by
dual o fe/a,B; inhibition, demonstrating the significant
role these two integrins play in driving collagen synthe-
sis in the fibrotic human lung. Furthermore, by avoiding
full suppression of TGF-f signaling, dual o, B¢/a,fB; inhi-
bition may reduce the likelihood of toxicities associated
with complete inhibition of the TGF-p pathway. While
other «, integrins have been implicated in TGF-p acti-
vation, additional experiments performed with mouse
PCLSs showed no additional reduction in fibrogenic
gene expression resulting from inhibiting additional «a,
integrins with GSK3008348 or CWHM-12 (i.e. inhibi-
tion of o fs, afs and/or afg in addition to o fg and
a,p,). These data support dual o, f¢/a,f3; inhibition as the
optimal approach for targeting o, integrin-driven lung
fibrogenesis.

Positron emission tomography imaging and immu-
nohistochemistry staining techniques have previously
shown significantly upregulated levels of o, in IPF
lung tissue [15, 16], however, due to a lack of specific
tools for quantification of «,B;, its relevance in fibrotic
human lung disease has remained unclear. Using an elec-
trochemiluminescence assay, we quantified the levels of
a,p, present in fibrotic and healthy human lung tissue,
showing a significant increase in pulmonary a3, levels in
patients with IPF. LAP adhesion assays utilizing primary
lung fibroblasts and epithelial cells isolated from healthy
subjects and/or tissues from patients with IPF were also
used to demonstrate the a,B;- and o p4-specific interac-
tion between these cell populations and the latent TGF-p
complex, respectively. Epithelial cells and fibroblasts are
each known to be key components of the fibroblastic foci
central to pulmonary fibrosis. While bronchial epithelial
cells were utilized here due to availability, alveolar epithe-
lial cells have specifically been shown to overexpress o, 3¢
in IPF [14]. High expression of o3, on aberrant basa-
loid cells—a recently described population of cells that
co-express basal cell, epithelial-to-mesenchymal, and
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senescence markers unique to IPF lung tissue [47]—may
also drive TGE-P activation and fibroblast activity in the
fibrotic lung.

PCLSs prepared from tissue of patients with IPF also
allowed for direct comparison of the antifibrogenic
effects of dual a,B4/o,f; inhibition with standard-of-care
drugs, nintedanib and pirfenidone. At concentrations
of nintedanib and pirfenidone that approximate C_,, in
patients with IPF, we were unable to detect a significant
reduction in collagen gene expression in PCLS cultures.
Dose titrations in PCLSs from bleomycin-challenged
mouse lungs indicated that a 50% reduction in collagen
gene expression required >10x these concentrations.
This result is consistent with previously reported findings
that yM and mM concentrations of nintedanib and pirfe-
nidone, respectively, are required for antifibrotic effects
in PCLSs [48]. Dual a, B,/a, B, inhibition with PLN-74809,
on the other hand, significantly reduced collagen gene
expression by ~50% at concentrations as low as 2 nM in
explanted tissue from a patient with IPF. While having no
direct impact on collagen gene expression levels in our
IPF PCLS cultures at clinical concentrations, nintedanib
and pirfenidone have previously been shown to delay rate
of disease progression in patients with IPF, suggesting
they may work through alternative mechanisms [49, 50].
Dual o,B¢/a,p; inhibition, a therapeutic approach that
potently blocks collagen gene expression in tissue from
patients with IPF ex vivo may, therefore, have divergent
mechanisms of action from standard-of-care drugs, nint-
edanib and pirfenidone, opening the possibility that com-
binations of these drugs may provide additive antifibrotic
benefits in patients with IPF.

While PCLSs generated from patients with IPF may
better replicate some aspects of fibrotic human lung dis-
ease than standard mouse models, some obvious draw-
backs to this approach remain. Ex vivo culture systems
ignore the potential impact of lung-infiltrating cell pop-
ulations and endocrine factors that may impact disease
status or therapeutic efficacy, as well as the pharmacoki-
netic properties of the inhibitors being tested. The lim-
ited duration of IPF PCLS viability combined with the
slow progression of native disease (no exogenous fibro-
genic factors [e.g. TGF-p or bleomycin] were added to
the human PCLS cultures to increase fibrogenesis) also
precluded evaluation of drug-induced changes in inter-
stitial collagen protein levels. Our analysis of PCLSs,
therefore, focused on markers of TGF-p signaling (Smad
phosphorylation) and fibrogenesis (collagen gene expres-
sion) indisputably linked to the fibrotic disease pathway,
and directly downstream of «a, integrin-mediated TGF-
activation. To evaluate the efficacy of dual a,fs/o B,
inhibitor PLN-74809 at blocking accumulation of pulmo-
nary collagen protein we, therefore, relied on the classic
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in vivo bleomycin mouse model of pulmonary fibrosis.
Plasma levels of PLN-74809 were shown to inversely cor-
relate with Smad3 phosphorylation in both pulmonary
tissue and BAL cells, confirming inhibition of TGF-p
activation in the lung. Oral dosing of PLN-74809 starting
7 days post-bleomycin challenge also resulted in a dose-
dependent reduction in the density of interstitial collagen
fibrils present in the mouse lungs at 21 days post-bleomy-
cin, as visualized by SHG imaging.

Successful development of TGF-P inhibitors for fibro-
sis requires an approach that limits inhibition of TGF-3
signaling to the site of fibrotic disease. Inhibition of «,
integrins offers such an approach, by targeting one mech-
anism of TGF-PB activation enriched in fibrotic tissues
without disturbing systemic TGF-f activity. Here we have
shown that o, ¢ and o, f3; represent important targets for
reducing TGF-f signaling and fibrogenic gene expression
in fibrotic human lung tissue and that the effects of inhib-
iting these two integrins are additive. We also observed
that inhibition of additional «, integrins does not pro-
vide additional beneficial antifibrotic effects. These data
support the ongoing Phase 2 clinical trials of PLN-74809
examining the effects of dual of¢/a,p; inhibition in
patients with fibrotic lung disease (NCT04396756 and
NCT04072315).

Abbreviations

Ab: Antibody; ACTA2: a-Smooth muscle actin 2; ALK5: Activin receptor-like
kinase 5; ALK5i: ALK5 inhibitor; ANOVA: Analysis of variance; BAL: Bronchioal-
veolar lavage; BID: Twice daily; Bleo: Bleomycin; C..,. Maximum observed drug
concentration; COLTAT: Collagen type | alpha I; COL1A2: Collagen type | alpha
Il; COL3A1: Collagen type lll alpha I; Conc: Concentration; Cpd A: Compound
A; CTGF: Connective tissue growth factor; DMSO: Dimethyl sulfoxide; ECM:
Extracellular matrix; GUSB: Glucuronidase 3; HLF: Human lung fibroblast;
HPRT1: Hypoxanthine phosphoribosyltransferase 1; 1C50: 50% Inhibitory con-
centration; IPF: Idiopathic pulmonary fibrosis; ITGB6: Integrin subunit 3 6; LAP:
Latency-associated peptide; MMP1: Matrix metalloproteinase 1; MMP2: Matrix
metalloproteinase 2; MMP7: Matrix metalloproteinase 7; mRNA: Messenger
ribonucleic acid; Nin: Nintedanib; OHP: Hydroxyproline; PBS: Phosphate-
buffered saline; PCLS: Precision-cut lung slice; PD: Pharmacodynamics; Pirf:
Pirfenidone; PK: Pharmacokinetics; pSmad2: Phosphorylated Smad2; pSmad3:
Phosphorylated Smad3; RGD: Arg-Gly-Asp; RPLPO: Ribosomal lateral stalk
subunit PO; SD: Standard deviation; SERPINE1: Serpin family E member 1; SHG:
Second harmonic generation; SMi: Small-molecule inhibitor; SNAIT: Snail
family transcriptional repressor 1; TGF-f: Transforming growth factor-@; TIMP1:
Tissue inhibitor of metalloproteinase 1.

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/512931-021-01863-0.

Additional file 1. Materials and methods. Additional references. Fig.

S1. (A) Viability of sentinel slices from lung tissue explants on Day 7. (B)
Effect of PLN-74809 on Smad2 phosphorylation. (C) Dose titration of
PLN-74809 on COLTAT expression. Fig. S2. Dose titration of PLN-74809

on Collal expression in PCLSs prepared from bleomycin-challenged
mouse lung. Fig. $3. Antifibrotic effects of dual a,¢/a,B; inhibition in the
bleomycin mouse model. (A) Total lung hydroxyproline content and (B)
2H incorporation into lung hydroxyproline in sham-challenged mice and

Page 12 of 14

bleomycin-challenged mice treated with vehicle or PLN-74809. Fig. S4.
Concentration required to decrease Collal expression by 50% in PCLSs
from acute bleomycin-challenged mouse lung. Table S1. Donor history
for human lung samples. Table S2. Custom fibrosis gene panel. Table S3.
TagMan primers/probes.

Authors’ contributions

MLD, JRS, CC, GGL, PA, and SMT conceived the experiments. GGL, MR, SSH, VR,
MMM, PK, EHB, LH, JW, MF, SPM, SH, and MC planned/carried out experiments,
analyzed results, and reviewed/commented on the manuscript. JC, MM,

and TFH prepared the small-molecule inhibitors utilized in experiments and
reviewed/commented on the manuscript. MLD, JRS, CC, and SMT prepared
the manuscript. MLD, JRS, CC, FR, KL, DJM, E-IL, PA, EAL, and SMT contributed
to the interpretation of results and commented on the manuscript. PJW and
TJD provided human lung explants, discussed results, and commented on the
manuscript. All authors agree to be accountable for all aspects of the work. All
authors read and approved the final manuscript.

Funding

The study design, and collection, analysis, and interpretation of data was
funded by Pliant Therapeutics, Inc. Editorial assistance was provided by Alp-
harmaxim Healthcare Communications and was funded by Pliant Therapeu-
tics, Inc.

Availability of data and materials
All data generated or analyzed during this study are included in this published
article and its additional information files.

Declarations

Ethics approval and consent to participate

Written informed consent was obtained for all patient tissue samples, and
the study was approved by the University of California Committee on Human
Research (San Francisco, CA, USA) or Stanford University Institutional Review
Board (Stanford, CA, USA). Rejected donor lung tissues were acquired from
the University of California or Promethera Biosciences (Durham, NC, USA) with
appropriate authorizations.

Consent for publication
Not applicable.

Competing interests

MLD, JRS, CC, JC, GGL, MR, SSH, VR, MMM, PK, EHB, LH, JW, MF, SPM, SH, MC,
MM, TFH, FR, KL, E-IL, EAL, SMT: Employee of Pliant Therapeutics and holds
shares in the company. PJW, TJD: Received funding from Pliant Therapeutics
for tissue collection/research. DJM, PA: Former employee of Pliant Therapeutics
and holds shares in the company.

Author details

"Pliant Therapeutics, South San Francisco, CA, USA. 2Department of Medicine,
University of California, San Francisco, CA, USA. *Department of Medicine,
Stanford University, Stanford, CA, USA. “Present Address: Acceleron Pharma,
Cambridge, MA, USA. >Present Address: Maze Therapeutics, South San Fran-
cisco, CA, USA.

Received: 21 April 2021 Accepted: 10 October 2021
Published online: 19 October 2021

References

1. Lederer DJ, Martinez FJ. Idiopathic pulmonary fibrosis. N Engl J Med.
2018;379(8):797-8.

2. Plantier L, Cazes A, Dinh-Xuan AT, Bancal C, Marchand-Adam S, Crestani
B. Physiology of the lung in idiopathic pulmonary fibrosis. Eur Respir Rev.
2018;27(147):170062.

3. Fisher M, Nathan SD, Hill C, Marshall J, Dejonckheere F, Thuresson PO,
Maher TM. Predicting life expectancy for pirfenidone in idiopathic


https://doi.org/10.1186/s12931-021-01863-0
https://doi.org/10.1186/s12931-021-01863-0

Decaris et al. Respir Res

20.

21

22.

23.

(2021) 22:265

pulmonary fibrosis. J Manag Care Spec Pharm. 2017;23(Suppl
3-b):S17-24.

Graney BA, Lee JS. Impact of novel antifibrotic therapy on patient
outcomes in idiopathic pulmonary fibrosis: patient selection and
perspectives. Patient Relat Outcome Meas. 2018;9:321-8.

Lancaster L, Crestani B, Hernandez P, Inoue Y, Wachtlin D, Loaiza

L, Quaresma M, Stowasser S, Richeldi L. Safety and survival data

in patients with idiopathic pulmonary fibrosis treated with nint-
edanib: pooled data from six clinical trials. BMJ Open Respir Res.
2019;6(1):e000397.

Fabregat I, Moreno-Caceres J, Sénchez A, Dooley S, Dewidar B, Gian-
nelli G, Ten Dijke P, IT-LIVER Consortium. TGF-@ signalling and liver
disease. FEBS J. 2016;283(12):2219-32.

Saito A, Horie M, Nagase T. TGF-3 signaling in lung health and disease.
Int J Mol Sci. 2018;19(8):2460.

Derynck R, Budi EH. Specificity, versatility, and control of TGF-f family
signaling. Sci Signal. 2019;12(570):eaav5183.

Munger JS, Huang X, Kawakatsu H, Griffiths MJ, Dalton SL, Wu J, Pittet
JF, Kaminski N, Garat C, Matthay MA, et al. The integrin alpha v beta

6 binds and activates latent TGF beta 1: a mechanism for regulating
pulmonary inflammation and fibrosis. Cell. 1999;96(3):319-28.

. Robertson IB, Rifkin DB. Regulation of the bioavailability of TGF-3

and TGF-B-related proteins. Cold Spring Harb Perspect Biol.
2016;8(6):a021907.

. Sheppard D. Integrin-mediated activation of latent transforming growth

factor beta. Cancer Metastasis Rev. 2005;24(3):395-402.

Mitra MS, Lancaster K, Adedeji AO, Palanisamy GS, Dave RA, Zhong F,
Holdren MS, Turley SJ, Liang WC, Wu Y, et al. A potent pan-TGF( neutral-
izing monoclonal antibody elicits cardiovascular toxicity in mice and
cynomolgus monkeys. Toxicol Sci. 2020;175(1):24-34.

Henderson NC, Arnold TD, Katamura Y, Giacomini MM, Rodriguez JD,
McCarty JH, Pellicoro A, Raschperger E, Betsholtz C, Ruminski PG, et al.
Targeting of av integrin identifies a core molecular pathway that regu-
lates fibrosis in several organs. Nat Med. 2013;19(12):1617-24.

Horan GS, Wood S, Ona V, Li DJ, Lukashev ME, Weinreb PH, Simon KJ,
Hahm K, Allaire NE, Rinaldi NJ, et al. Partial inhibition of integrin alpha(v)
beta6 prevents pulmonary fibrosis without exacerbating inflammation.
Am J Respir Crit Care Med. 2008;177(1):56-65.

Kimura RH, Wang L, Shen B, Huo L, Tummers W, Filipp FV, Guo HH,
Haywood T, Abou-Elkacem L, Baratto L, et al. Evaluation of integrin av36
cystine knot PET tracers to detect cancer and idiopathic pulmonary
fibrosis. Nat Commun. 2019;10(1):4673.

Saini G, Porte J, Weinreb PH, Violette SM, Wallace WA, McKeever TM,
Jenkins G. av36 integrin may be a potential prognostic biomarker in
interstitial lung disease. Eur Respir J. 2015;46(2):486-94.

Conroy KP, Kitto LJ, Henderson NC. av integrins: key regulators of tissue
fibrosis. Cell Tissue Res. 2016;365(3):511-9.

Kitamura H, Cambier S, Somanath S, Barker T, Minagawa S, Markovics J,
Goodsell A, Publicover J, Reichardt L, Jablons D, et al. Mouse and human
lung fibroblasts regulate dendritic cell trafficking, airway inflammation,
and fibrosis through integrin av38-mediated activation of TGF-B. J Clin
Invest. 2011;121(7):2863-75.

Campbell MG, Cormier A, Ito S, Seed RI, Bondesson AJ, Lou J, Marks JD,
Baron JL, Cheng Y, Nishimura SL. Cryo-EM reveals integrin-mediated
TGF-P activation without release from latent TGF-3. Cell. 2020;180(3):490-
501.e16.

Reed NI, Jo H, Chen C, Tsujino K, Arnold TD, DeGrado WF, Sheppard D. The
av1 integrin plays a critical in vivo role in tissue fibrosis. Sci Transl Med.
2015;7(288):288ra79.

Atabai K, Jame S, Azhar N, Kuo A, Lam M, McKleroy W, Dehart G, Rahman
S, Xia DD, Melton AC, et al. Mfge8 diminishes the severity of tissue fibrosis
in mice by binding and targeting collagen for uptake by macrophages. J
Clin Invest. 2009;119(12):3713-22.

Fiore VF, Wong SS, Tran C, Tan C, Xu W, Sulchek T, White ES, Hagood JS,
Barker TH. av33 Integrin drives fibroblast contraction and strain stiffen-
ing of soft provisional matrix during progressive fibrosis. JCI Insight.
2018,;3(20):97597.

Patsenker E, Popov Y, Stickel F, Schneider V, Ledermann M, Sdgesser H,
Niedobitek G, Goodman SL, Schuppan D. Pharmacological inhibition

of integrin alphavbeta3 aggravates experimental liver fibrosis and sup-
presses hepatic angiogenesis. Hepatology. 2009;50(5):1501-11.

24,

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Page 13 of 14

Zhou X, Murphy FR, Gehdu N, Zhang J, Iredale JP, Benyon RC. Engage-
ment of alphavbeta3 integrin regulates proliferation and apoptosis of
hepatic stellate cells. J Biol Chem. 2004,279(23):23996-4006.

Sarrazy V, Koehler A, Chow ML, Zimina E, Li CX, Kato H, Caldarone CA, Hinz
B. Integrins avB5 and av33 promote latent TGF-31 activation by human
cardiac fibroblast contraction. Cardiovasc Res. 2014;102(3):407-17.
Moeller A, Ask K, Warburton D, Gauldie J, Kolb M. The bleomycin animal
model: a useful tool to investigate treatment options for idiopathic
pulmonary fibrosis? Int J Biochem Cell Biol. 2008;40(3):362-82.

Tashiro J, Rubio GA, Limper AH, Williams K, Elliot SJ, Ninou |, Aidinis V,
Tzouvelekis A, Glassberg MK. Exploring animal models that resemble
idiopathic pulmonary fibrosis. Front Med (Lausanne). 2017;4:118.
Alsafadi HN, Staab-Weijnitz CA, Lehmann M, Lindner M, Peschel B,
Konigshoff M, Wagner DE. An ex vivo model to induce early fibrosis-like
changes in human precision-cut lung slices. Am J Physiol Lung Cell Mol
Physiol. 2017;312(6):.L896-902.

Liu G, Betts C, Cunoosamy DM, Aberg PM, Hornberg JJ, Sivars KB, Cohen
TS. Use of precision cut lung slices as a translational model for the study
of lung biology. Respir Res. 2019;20(1):162.

Westra IM, Pham BT, Groothuis GMM, Olinga P. Evaluation of fibrosis in
precision-cut tissue slices. Xenobiotica. 2013;43(1):98-112.

Mould PA. Solid phase assays for studying ECM protein-protein interac-
tions. Methods Mol Biol. 2009;522:195-200.

Abe M, Harpel JG, Metz CN, Nunes |, Loskutoff DJ, Rifkin DB. An assay for
transforming growth factor-beta using cells transfected with a plasmino-
gen activator inhibitor-1 promoter-luciferase construct. Anal Biochem.
1994,216(2):276-84.

Wiltshire R, Nelson V, Kho DT, Angel CE, O'Carroll SJ, Graham ES. Regula-
tion of human cerebro-microvascular endothelial baso-lateral adhesion
and barrier function by STP through dual involvement of STP1 and S1P2
receptors. Sci Rep. 2016;6:19814.

Bai Y, Krishnamoorthy N, Patel KR, Rosas |, Sanderson MJ, Ai X. Cryo-
preserved human precision-cut lung slices as a bioassay for live tissue
banking. A viability study of bronchodilation with bitter-taste receptor
agonists. Am J Respir Cell Mol Biol. 2016;54(5):656-63.

Mercer PF, Woodcock HV, Eley JD, Platé M, Sulikowski MG, Durrenberger
PF, Franklin L, Nanthakumar CB, Man Y, Genovese F, et al. Exploration of

a potent PI3 kinase/mTOR inhibitor as a novel anti-fibrotic agent in IPF.
Thorax. 2016;71(8):701-11.

Neuhaus V, Schaudien D, Golovina T, Temann UA, Thompson C, Lippmann
T, Bersch C, Pfennig O, Jonigk D, Braubach P, et al. Assessment of long-
term cultivated human precision-cut lung slices as an ex vivo system for
evaluation of chronic cytotoxicity and functionality. J Occup Med Toxicol.
2017;12:13.

Sanderson MJ. Exploring lung physiology in health and disease with lung
slices. Pulm Pharmacol Ther. 2011;24(5):452-65.

UhI FE, Vierkotten S, Wagner DE, Burgstaller G, Costa R, Koch |, Lindner M,
Meiners S, Eickelberg O, Kénigshoff M. Preclinical validation and imaging
of Wnt-induced repair in human 3D lung tissue cultures. Eur Respir J.
2015;46(4):1150-66.

Lyons-Cohen MR, Thomas SY, Cook DN, Nakano H. Precision-cut

mouse lung slices to visualize live pulmonary dendritic cells. J Vis Exp.
2017;122:55465.

Woessner JF. The determination of hydroxyproline in tissue and protein
samples containing small proportions of this imino acid. Arch Biochem
Biophys. 1961;93:440-7.

Decaris ML, Gatmaitan M, FlorCruz S, Luo F, Li K, Holmes WE, Hellerstein
MK, Turner SM, Emson CL. Proteomic analysis of altered extracellular
matrix turnover in bleomycin-induced pulmonary fibrosis. Mol Cell
Proteomics. 2014;13(7):1741-52.

Liu F, Zhao JM, Rao HY, Yu WM, Zhang W, Theise ND, Wee A, Wei L.
Second harmonic generation reveals subtle fibrosis differences in

adult and pediatric nonalcoholic fatty liver disease. Am J Clin Pathol.
2017,148(6):502-12.

Hall ER, Bibby LI, Slack RJ. Characterisation of a novel, high affinity and
selective av6 integrin RGD-mimetic radioligand. Biochem Pharmacol.
2016;117:88-96.

Maden CH, Fairman D, Chalker M, Costa MJ, Fahy WA, Garman N, Lukey PT,
MantT, Parry S, Simpson JK, et al. Safety, tolerability and pharmacokinet-
ics of GSK3008348, a novel integrin av6 inhibitor, in healthy participants.
Eur J Clin Pharmacol. 2018;74(6):701-9.



Decaris et al. Respir Res (2021) 22:265

45.

46.

47.

48.

Weinreb PH, Simon KJ, Rayhorn P, Yang WJ, Leone DR, Dolinski BM, Pearse
BR, Yokota Y, Kawakatsu H, Atakilit A, et al. Function-blocking integrin
alphavbeta6 monoclonal antibodies: distinct ligand-mimetic and
nonligand-mimetic classes. J Biol Chem. 2004;,279(17):17875-87.

Ogura T, Taniguchi H, Azuma A, Inoue Y, Kondoh Y, Hasegawa Y, Bando
M, Abe S, Mochizuki Y, Chida K; et al. Safety and pharmacokinetics of
nintedanib and pirfenidone in idiopathic pulmonary fibrosis. Eur Respir J.
2015;45(5):1382-92.

Adams TS, Schupp JC, Poli S, Ayaub EA, Neumark N, Ahangari F, Chu SG,
Raby BA, Deluliis G, Januszyk M, et al. Single-cell RNA-seq reveals ectopic
and aberrant lung-resident cell populations in idiopathic pulmonary
fibrosis. Sci Adv. 2019;6(28):eaba1983.

Lehmann M, Buhl L, Alsafadi HN, Klee S, Hermann S, Mutze K, Ota C,
Lindner M, Behr J, Hilgendorff A, et al. Differential effects of nintedanib
and pirfenidone on lung alveolar epithelial cell function in ex vivo

Page 14 of 14

murine and human lung tissue cultures of pulmonary fibrosis. Respir Res.
2018;19(1):175.

49. King TE Jr, Bradford WZ, Castro-Bernardini S, Fagan EA, Glaspole |, Glass-
berg MK, Gorina E, Hopkins PM, Kardatzke D, Lancaster L, et al. A phase 3
trial of pirfenidone in patients with idiopathic pulmonary fibrosis. N Engl
JMed. 2014;370(22):2083-92.

50. Richeldi L, du Bois RM, Raghu G, Azuma A, Brown KK, Costabel U, Cottin V,
Flaherty KR, Hansell DM, Inoue Y, et al. Efficacy and safety of nintedanib in
idiopathic pulmonary fibrosis. N Engl J Med. 2014;370(22):2071-82.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	Dual inhibition of αvβ6 and αvβ1 reduces fibrogenesis in lung tissue explants from patients with IPF
	Abstract 
	Rationale: 
	Objectives: 
	Methods: 
	Measurements and main results: 
	Conclusions: 

	Background
	Methods
	Human lung tissue
	Cell culture and reagents
	Quantitation of αvβ1 integrin and Smad23 phosphorylation levels
	Integrin ligand-binding assays
	TGF-β co-culture assays
	Primary cell latency-associated peptide (LAP) adhesion assays
	PCLS preparation, culture, and gene expression analysis
	In vivo bleomycin model and tissue collection
	Measurement of plasma PLN-74809 concentrations
	Total lung hydroxyproline (OHP) content and fractional synthesis rate
	Second harmonic generation (SHG) imaging
	Statistics

	Results
	Potency and selectivity of small-molecule integrin inhibitors
	Antifibrogenic effects of integrin inhibitors in PCLSs prepared from lung tissue from patients with IPF
	Antifibrogenic effects of integrin inhibitors in PCLSs prepared from fibrotic mouse tissue
	Characterization of αvβ1 in fibrotic lung tissue
	Inhibition of primary lung epithelial cell and fibroblast adhesion to LAP
	Antifibrotic effects of dual αvβ6αvβ1 inhibition in the bleomycin mouse model
	Comparing the antifibrogenic effects of dual αvβ6αvβ1 inhibitor, PLN-74809, with nintedanib and pirfenidone

	Discussion
	References




