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Abstract
Background: Fibrotic scarring is an important prognostic factor for acute respiratory distress syndrome
(ARDS). Lysyl oxidase-like 2 (LOXL2), an amine oxidase, is thought to make an integral contribution to
fibrotic scarring by facilitating collagen cross-linking. LOXL2 has also been proposed to epigenetically
regulate gene expression to direct cell fate. Recent clinical outcomes demonstrated the ineffectiveness of
an inhibitory monoclonal antibody against LOXL2 in patients with organ fibrosis, including fibrosis of the
lungs, suggesting that sole targeting of the extracellular activity of LOXL2 is insufficient to prevent fibrotic
scarring. Moreover, the involvement of LOXL2 in human ARDS remains unknown.
Methods: Expression dynamics of LOXL2 during the pathological process of bleomycin (BLM)-induced
lung injury model were measured by qRT-PCR and western blotting. The principal cell types expressing
LOXL2 and its cellular localization were determined by immunohistochemistry and confocal microscopy.
Mlg 2908, a murine lung fibroblast line, was transfected with LOXL2 siRNA or control siRNA, and then
assessed for transforming growth factor (TGF)-β1-induced Axin2+ myofibrogenic progenitor (AMP)
marker expression, actin filament expression, myofibroblast differentiation, collagen expression, and
alteration of the TGF-β1/Smad/Snail pathway by phalloidin staining, qRT-PCR, western blotting, and
immunocytochemistry. Levels of LOXL2 in bronchoalveolar lavage fluid (BALF) in patients with ARDS and
control subjects were measured by enzyme-linked immunosorbent assay.
Results: LOXL2 expression was elevated in lung tissue in the fibrotic phase after injury. Nuclear
upregulation of LOXL2 in fibroblasts and myofibroblasts, as well as nuclear upregulation of Snail in
myofibroblasts, was evident in fibrotic lung tissue after injury. LOXL2 knockdown blocked TGF-β1-induced
AMP marker expression, appearance of proto-myofibroblasts, evolution of differentiated myofibroblasts,
collagen expression, and pSmad2/Snail induction in lung fibroblasts. We detected high levels of LOXL2
protein in the BALF from patients with ARDS, specifically during the fibrotic phase.
Conclusions: Our results revealed that nuclear LOXL2 is upregulated in lung fibroblasts and
myofibroblasts after injury and is required for generation of myofibroblast and maintenance of AMP. The
high levels of LOXL2 in human ARDS lung suggest that inhibition of both intracellular and extracellular
LOXL2 activity represents an attractive therapeutic target for ARDS and lung scarring.

Background
Acute respiratory distress syndrome (ARDS) is a common acute critical illness and therefore a major
public health problem: among intensive care units (ICUs) in 50 countries, ARDS constitutes 10.4% of total
ICU admissions [1]. Despite substantial advances in both critical care and mechanistic understanding of
ARDS, the prognosis of this life-threating syndrome remains poor, with a mortality rate of 40% [1, 2]. The
pathological changes associated with ARDS include dysregulated proinflammatory cytokine release and
leukocyte recruitment arising from multiple etiologies, disruptions of alveolar epithelial and endothelial
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barriers, influx of protein-rich edema within the interstitium and alveolus, and eventual irreversible fibrotic
scarring of lung parenchyma [2–4].
Among the pathological manifestations in ARDS, fibrotic scarring of lung parenchyma is increasingly
recognized as an important prognostic factor. Alveolar fibrosis is correlated with increased mortality in
ARDS [5]. Furthermore, lung parenchymal fibroproliferation (e.g., traction bronchiolectasis or
bronchiectasis), assessed by chest high-resolution computed tomography in patients with early ARDS,
predicts increased mortality and ventilator dependency [6]. Thus, in addition to reduction of early
inflammation, prevention of aberrant fibroproliferation and scarring are considered to be key strategies
for resolving ARDS. Two anti-fibrotic drugs are already available for treatment of idiopathic pulmonary
fibrosis (IPF), but they offer only modest clinical benefits [7, 8]. Moreover, no pharmacologic therapies,
including anti-fibrotic agents, have yet been approved for ARDS.
In normal wound healing, expansion of resident fibroblasts and provisional matrix formation resolve
transiently following reconstitution of alveolar epithelial integrity, and these sequential events lead to
restoration of normal lung function. By contrast, when wound healing goes awry, extensive and prolonged
activation of fibroblasts occurs, leading to excessive dense extracellular matrix (ECM) deposition in
alveolar parenchyma, culminating in persistent respiratory failure. Myofibroblasts, defined by the
expression of α-smooth muscle actin (α-SMA), are essential effector cells for the propagation of fibrotic
ARDS and other fibrotic diseases [9, 10]. High cellular activities of myofibroblasts (production of insoluble
ECM and cellular contraction) trigger creation of a pathologic microenvironment, destruction of normal
tissue architecture, and physical organ deformity [9]. Furthermore, myofibroblasts perturb alveolar
epithelial repair by releasing inflammatory mediators that induce alveolar epithelial apoptosis [11].
Resident mesenchymal cells are recognized as the major origin of myofibroblasts in lung fibrosis [12]. A
single-cell RNA sequencing and signaling lineage reporter approach demonstrated that myofibroblasts in
the lung preferentially emerge from Axin2 + myofibrogenic progenitor (AMP) cells, lineage within the
resident mesenchymal population [13]. Myofibroblast generation begins with the appearance of protomyofibroblasts, whose stress fibers contain only β- and γ-cytoplasmic actins [14, 15]. Protomyofibroblasts evolve into differentiated myofibroblasts, which have greater contractile force than protomyofibroblasts. Myofibroblast differentiation occurs in response to multiple pro-fibrotic mediators
including transforming growth factor β1 (TGF-β1), a master regulator of myofibroblast differentiation in
virtually all types of fibrosis [4, 9, 16], as well as external mechanical cues arising from stiff fibrotic ECM
created by the myofibroblasts themselves [17]. Agents targeting prevention of excessive myofibroblast
generation and blocking TGF-β1 signaling, with the ultimate goal of ameliorating fibrotic scarring,
represent a promising strategy for the development of therapeutics for ARDS patients.
Lysyl oxidase (LOX) and the related enzyme, LOX-like 2 (LOXL2), are copper-dependent amine oxidases,
that catalyze the oxidative deamination of ε-amines of lysine and hydroxylysine residues within collagen
and elastin [18–20]. This reaction generates highly reactive aldehydes (allysine) that condense with other
allysines or lysines, facilitating the formation of inter- and intramolecular cross-links that modify ECM
network [18–20]. These molecules have been implicated in the pathogenesis of cancer and organ fibrosis
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[21–23]. LOXL2 expression is elevated in the stroma of human tumors, IPF, and liver fibrosis [21, 24]. In
addition, higher serum LOXL2 levels are associated with disease progression of IPF [25]. An inhibitory
monoclonal antibody against LOXL2 (AB0023) ameliorates bleomycin (BLM)-induced lung fibrosis,
decreasing both the level of cross-linking in fibrillary collagen and the number of myofibroblasts [21].
However, recent phase 2 trials revealed that treatment with simtuzumab, a humanized variant of AB0023,
did not confer a clinical benefit in patients with IPF or fibrotic disorders in other organs [26–28]. These
results raise the possibility that sole targeting of the extracellular enzymic activity of LOXL2 is insufficient
for prevention of deleterious fibrotic response to injury.
In addition to their extracellular activities, LOX and LOXL2 play crucial intracellular roles in the regulation
of chromatin structure and gene transcription [29–33]. Recent studies demonstrated that silencing LOXL2
decreases α-SMA expression and cell proliferation in lung fibroblasts [24, 34]. The sequential
differentiation events of fibroblasts are as follows: initiation from AMPs, differentiation into protomyofibroblasts, and transition into differentiated myofibroblasts. The role of LOXL2 in these events, as
well as its cellular localization during the progression of fibrosis, remains unknown. In addition, it is not
clear whether LOX or LOXL2 is more important in the progression of lung scarring. Moreover, we have no
information about the involvement of LOXL2 in the pathogenesis of human ARDS.
In this study, we examined the expression dynamics of LOX and LOXL2, as well as cellular localization of
LOXL2, during the pathologic process of BLM-induced lung injury. We then investigated the role of LOXL2
in fibroblast–proto-myofibroblast–differentiated myofibroblast differentiation, AMP population, and
myofibroblast activity. Finally, we determined the LOXL2 levels in bronchoalveolar lavage fluid (BALF)
from patients with various pathological stages of ARDS.

Methods
BLM-induced lung injury in mice
Eight-week-old male C57BL/6J mice were purchased from Charles River Japan (Yokohama, Japan). Mice
were anesthetized by an intraperitoneal injection of medetomidine hydrochloride (0.3 mg/kg), midazolam
(4 mg/kg), and butorphanol tartrate (5 mg/kg), and then intratracheally injected with 6 U/kg BLM sulfate
(Sigma-Aldrich, St. Louis, MO). Lungs were harvested on day 7 or 14 after BLM instillation. All animal
experiments were performed in accordance with the Japanese Physiological Society’s guidelines for
animal care and were approved by the University of Miyazaki Ethics Committee on Animal
Experimentation.
Cell Cultures, Cell Transfection, And TGF-β1 Treatment
Mlg 2908 (CCL-206™), a murine lung fibroblast cell line, was purchased from American Type Culture
Collection (Manassas, VA). The cells were maintained in Dulbecco’s Modified Eagle’s Medium/F12
(Sigma-Aldrich) containing 10% heat-inactivated fetal bovine serum (Biowest, Nuaillé, France) and 1%
penicillin/streptomycin. Cultured Mlg 2908 were grown in 5% CO2 humidified atmosphere at 37 °C.
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Passage was performed every 3 days. For LOXL2 knockdown experiments, the cells were seeded onto 6well cell culture plates (2.0 × 105/well, Thermo Fisher Scientific, Waltham, MA) or Lab-Tek II chamber
slides (0.4 × 105/well, Sigma-Aldrich). LOXL2 small interfering RNA (siRNA; 10 nM) was transfected into
Mlg 2908 using Lipofectamine RNAiMAX Reagent (Thermo Fisher Scientific) 72 hours after seeding. The
LOXL2 siRNA target sequences were as follows: first, 5’-GAACAGAAGUUCGAACACUTT-3’; second, 5’GGAGUGAAGUGCUCAGGAATT-3’ (Life Technologies Japan, Tokyo, Japan). A scrambled siRNA was used
as a control. At 72 hours after siRNA treatment, human recombinant TGF-β1 (5 ng/ml; R&D, Minneapolis,
MN) or dimethyl sulfoxide (DMSO, control) was added to the medium. The cells were harvested for
quantitative real-time PCR (qRT-PCR) and western blotting 24 hours after TGF-β1 treatment.
Immunostaining and actin filament staining of cells on chamber slides were also performed 24 hours
after TGF-β1 treatment, as described below.
Western Blotting
Whole lung tissues and cultured Mlg 2908 were homogenized and centrifuged at 10,000 × g to remove
cell debris. Protein content of lysates was measured by Bradford protein assay. Equal amount of proteins
was fractionated by 10% SDS-PAGE, and transferred to Immobilon-P transfer membrane (Merck Millipore,
Burlington, MA). Expression levels of each molecule were analyzed by western blotting using antibodies
recognizing the following proteins: LOX (Santa Cruz Biotechnology, Dallas, TX), LOXL2, Snail (Abcam,
Cambridge, MA), pSmad2, Smad2 (Cell Signaling Technology, Danvers, MA), and β-actin (Sigma-Aldrich).
Protein expression was quantified by densitometry using the Fusion FX software (Vilber Lourmat,
Collégien, France).
qRT-PCR
Total RNA was extracted from lungs and Mlg 2908 cells using the Trizol reagent (Invitrogen, Carlsbad,
CA). First-strand complementary DNA was synthesized using high-capacity cDNA reverse transcription
kits (Applied Biosystems, Foster City, CA). qRT-PCR was performed with the following TaqMan/Applied
Biosciences primers (Thermo Fisher Scientific): Lox (Mm00495386_m1), Loxl2 (Mm00804740_m1),
Col1a1 (Mm00801660_g1), and Postn (Mm01284919_m1). The transcription levels of target genes were
standardized against those of the Hprt1 (Mm03024075_m1) gene and calculated by the ΔΔCt method.
Histology, Immunostaining, And Confocal Microscopy
Lungs were removed, fixed in 4% buffered formalin, and embedded in paraffin. Lung sections (4 µm) were
mounted on slides for staining with hematoxylin–eosin and Masson’s trichrome (American Master Tech
Scientific, Lodi, CA). For immunostaining, lung sections were permeabilized with 0.1% Triton X-100 in PBS
(PBS-T) for 30 minutes, and then pre-treated with 3% hydrogen peroxide to remove endogenous
peroxidase. For immunostaining to detect surfactant protein C (SP-C), antigen activation was performed
by heating the sections in an autoclave for 20 minutes at 105 °C in a HistoVT One (Nacalai Tesque,
Kyoto, Japan), followed by cooling at room temperature. All sections were blocked with 2.5% goat serum
/ 2.5% donkey serum and 0.1% bovine serum antigen (BSA) in PBS-T for 60 minutes at room temperature.
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Each section was incubated overnight at 4 °C with primary antibodies against the following proteins:
LOXL2 (1:400; Abcam, Cambridge, MA), Podoplanin (1:100; MBL, Nagoya, Japan), SP-C (1:200; SigmaAldrich), CD11b (1:200; Cell Signaling Technology), fibroblast surface protein (FSP, 1:800; Cell Signaling
Technology), Snail (1:1,000; Abcam), and α-SMA (1:400; Sigma-Aldrich). After washing with PBS, the
following secondary antibodies were used: Alexa Fluor 488 anti–rabbit IgG, Alexa Fluor 594 anti–rabbit
IgG, Alexa Fluor 594 anti–goat IgG (Thermo Fisher Scientific). Nuclei were counterstained with 4’,6diamidino-2-phenylindole (DAPI; Dojindo, Kumamoto, Japan). Images of immunofluorescence staining of
cells and tissues were acquired using a Nikon C2 + confocal laser scanning microscope (Nikon, Tokyo,
Japan). For quantification of co-localized cells from double-immunostained slides, one investigator took
photos of 10 random fields at 200-fold magnification in a blinded fashion (i.e., without knowledge of the
experimental or control groups from which the sections were taken), and the cells in each field were
counted independently by two other investigators in a blinded fashion.
Immunocytochemistry And Actin Filament Staining
Individual siRNA-transfected and TGF-β1-treated Mlg 2908 cells grown on chamber slides were rinsed in
PBS, fixed with 4% buffered formalin for 20 minutes, and blocked in 5% donkey serum and 0.1% BSA in
PBS-T for 30 minutes at room temperature. Immunostaining on chamber slides with anti–α-SMA
antibody (1:400; Sigma-Aldrich) was performed overnight at 4 °C. Nuclei were counterstained with DAPI.
The α-SMA–positive and DAPI-positive cells were counted in 10 random fields per chamber at 200-fold
magnification. The percentages of α-SMA–positive cells were calculated by dividing the number of αSMA–positive cells by the number of DAPI-positive cells. For actin filament staining, cells were stained
with Acti-stain 488 phalloidin (1:150; Cytoskeleton, Denver, CO).
Quantification Of Intracellular Actin Filament
Intracellular actin filaments were quantified as follows. Twenty equally distributed horizontal lines were
overlaid on the actin-stained images. For each line, the number of the intersection points with actin
filaments was manually counted. Intracellular actin filaments were quantified in 50 cells in each sample.
The index of intracellular actin filaments was defined as the number of intersections per cell.
Human BALF Preparation
We retrospectively collected clinical data and BALF samples of patients with ARDS or pulmonary
sarcoidosis (as disease control) admitted to the University of Miyazaki Hospital between 2009 and 2015.
Subjects included 33 patients with ARDS (20 males and 13 females; mean age 67.6 [28–90] years), and 7
patients with pulmonary sarcoidosis (2 males and 5 females; mean age 58.6 [34–73] years). Patients
with cancer in any organ were excluded from the study. The study protocol was approved by the
University of Miyazaki Research Ethics Committee (O-0531). Informed consent was obtained in the form
of opt-out on our hospital website. BALF samples were obtained from individual patients when they
underwent diagnostic bronchoalveolar lavage. BALF was centrifuged at 1,000 rpm for 5 minutes, and
supernatants were stored at − 80 °C prior to use.
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Enzyme-linked Immunosorbent Assay (ELISA)
LOXL2 concentration in BALF was measured using the human LOXL2 ELISA kit (Abcam).
Statistical analysis
Data are expressed as means ± SEM. Statistical analyses were performed using GraphPad PRISM 7
(GraphPad Software, La Jolla, CA). Data were analyzed by one-way analysis of variance (ANOVA)
followed by Dunnett’s multiple comparison test. The Mann–Whitney U test was used for single-parameter
comparisons. P < 0.05 was considered statistically significant.

Results
Elevated LOXL2 levels in lungs at the fibrotic phase in BLM-injected mice
To determine whether LOX or LOXL2 is more important to the fibrotic process, we first assessed the
expression dynamics of these molecules during the pathological sequence of BLM-induced lung injury.
Histological analysis of lungs 7 days after BLM treatment revealed intra-alveolar edema and
inflammatory cell infiltration, corresponding to inflammatory phase [35], and those of day 14 showed
fibrotic scarring of lung parenchyma with dense collagen deposition, corresponding to the fibrotic phase
(Fig. 1a). LOX expression was increased on day 7, but decreased on day 14 at both mRNA and protein
levels (Fig. 1, b and c). By contrast, LOXL2 mRNA and protein levels were highest on day 14 (Fig. 1, b and
c), suggesting that LOXL2, rather than LOX, plays a more pivotal role in the fibrotic process after lung
injury.
Nuclear upregulation of LOXL2 in fibroblasts and myofibroblasts during the fibrotic phase of BLMinduced lung injury
Because we detected the highest LOXL2 expression, as well as a reduction of LOX expression, during the
fibrotic phase of lung injury, we focused our subsequent analysis solely on the role of LOXL2 in the
pathogenesis of lung fibrosis. Next, we sought to determine the cell type(s) responsible for LOXL2
expression after lung injury. On days 7 and 14, immunopositivity for LOXL2 was primarily localized in the
nucleus of fibroblasts and myofibroblasts (Fig. 2, a and b). Together, LOXL2-positive fibroblasts and
myofibroblasts totaled 65.8% and 72.6% of all LOXL2-positive cells on days 7 and 14, respectively. These
data suggest that nuclear LOXL2 in fibroblasts and myofibroblasts plays an important role in the
progression of lung fibrosis.
LOXL2 knockdown inhibits TGF-β1-induced fibroblast-to-myofibroblast transition (FMT), AMP marker
expression, and collagen expression in lung fibroblasts
As mentioned earlier, we detected strong, nuclear expression of LOXL2 in both fibroblasts and
myofibroblasts in the fibrotic phase of BLM-induced lung injury. This led us to hypothesize that LOXL2
contributes to the pathogenesis of lung fibrosis by regulating the FMT. To test this hypothesis, we
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assessed the effect of LOXL2 silencing on the TGF-β1-induced FMT in vitro. We transfected Mlg 2908
cells, a murine lung fibroblast cell line, with LOXL2-specific siRNA or control siRNA. We observed
approximately 90% and 40% reduction of LOXL2 expressions 48 hours after transfection of Mlg 2908
cells with LOXL2 siRNA 1 and LOXL2 siRNA 2, respectively (Fig. 3a). LOXL2 knockdown nearly abolished
expression of α-SMA stress fibers in TGF-β1-treated Mlg 2908 cells (Fig. 3, b and c). TGF-β1-induced
Col1a1 expression was attenuated by LOXL2 knockdown (Fig. 3d). In regard to the appearance of protomyofibroblasts, the formation of actin filaments which consist of only β- and γ-actins, a hallmark of
proto-myofibroblasts [15], was also abrogated in LOXL2 siRNA-treated Mlg 2908 cells after TGF-β1
treatment (Fig. 3, e–g). Furthermore, the expression level of Postn, an intrinsic signaling ligand
preferentially expressed in AMPs [13], was also suppressed in LOXL2 siRNA-transfected, TGF-β1-treated
cells (Fig. 3h). Taken together, these data suggest that LOXL2 commits to fibrogenesis after lung injury by
facilitating FMT, maintaining the AMP population, and promoting the secretory activities of
myofibroblasts.
LOXL2 Knockdown Inhibits The TGF-β1/Smad/Snail Pathway In Lung Fibroblasts
We next examined the effect of LOXL2 ablation on TGF-β1 signaling pathway. Expression of pSmad2
was suppressed in LOXL2 siRNA-transfected, TGF-β1-treated Mlg 2908 cells (Fig. 4, a and b). LOXL2
knockdown inhibited Snail expression in TGF-β1-treated Mlg 2908 cells (Fig. 4, a and b). In vivo, we
observed strong nuclear expression of Snail in lung myofibroblast in the fibrotic stage of BLM-induced
lung injury (Fig. 5, a and b). These data suggest that LOXL2 promotes generation of myofibroblasts by
upregulating the TGF-β1/Smad/Snail pathway.
High levels of LOXL2 in BALF from patients with ARDS during the fibrotic phase
To assess the clinical significance of LOXL2 expression in human ARDS, we measured the levels of
LOXL2 protein in BALF from patients with ARDS. LOXL2 levels in BALF were higher in patients with ARDS
than in counterpart control individuals (270.0 ± 157.6 vs. 99.0 ± 26.5 pg/ml, P = 0.008, Fig. 6a). To
examine the potential of LOXL2 level as a prognostic predictor of ARDS, we compared the LOXL2 levels in
BALF between ARDS patients who had survived and those who had died. Although we did not detect a
statistically significant difference, the LOXL2 level was higher in patients who died of ARDS than in their
surviving counterparts (306.5 ± 157.0 vs. 246.2 ± 153.4 pg/ml, P = 0.86, Fig. 6b). Finally, we assessed
LOXL2 levels in BALF from patients with ARDS at various stages of diffuse alveolar damage (DAD), a
histological hallmark of ARDS [3, 4]. Based on the histological findings, DAD phases are divided into three
phases, as follows: (1) exudative phase (< 72 hours), characterized by alveolar edema, hyaline membrane
formation, and interstitial recruitment of inflammatory cells; (2) proliferative phase (days 4–9),
characterized by proliferation of fibroblasts and myofibroblasts accompanied by loose organizing
fibrosis; and (3) fibrotic phase (> 10 days), characterized by the formation of scar tissue associated with
distorted parenchymal architecture [4, 36, 37]. LOXL2 levels in BALF from patients in the exudative phase
of ARDS were comparable with those of counterpart control subjects (Fig. 6c). By contrast, the levels of
LOXL2 in BALF from patients in the proliferative or fibrotic phase of ARDS were higher than in those in the
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exudative phase of ARDS or control subjects (control, 99.0 ± 26.5 pg/ml; exudative phase, 159.1 ±
36.9 pg/ml; proliferative phase, 245.2 ± 85.5 pg/ml; fibrotic phase, 378.6 ± 220.3 pg/ml; control vs.
proliferative phase, P = 0.0003; control vs. fibrotic phase, P = 0.007; exudative phase vs. proliferative
phase, P = 0.03; exudative phase vs. proliferative phase, P = 0.04; Fig. 6c). These results suggest that
LOXL2 contributes to the progression of lung fibrosis after acute injury, even in clinical settings.

Discussion
Identification of a key molecule that drives the fibrotic process of ARDS would contribute greatly to the
establishment of a highly effective therapeutic agent against this intractable disorder. Here, we report for
the first time the robust, nuclear expression of LOXL2 in fibroblasts and myofibroblasts during the fibrotic
phase after injury. siRNA knockdown of LOXL2 in lung fibroblasts led to abrogation of TGF-β1-induced
AMP marker expression, appearance of proto-myofibroblasts, evolution of differentiated myofibroblasts,
and collagen production. LOXL2 silencing in lung fibroblasts blocked the TGF-β1/Smad/Snail pathway.
Nuclear upregulation of Snail was evident in myofibroblasts during the fibrotic phase after lung injury. We
detected high levels of LOXL2 protein in the lungs in patients with ARDS, specifically during the fibrotic
phase. Excessive propagation of myofibroblasts in patients with ARDS is a serious problem that cannot
be overlooked because these cells play important roles in the development of lung scarring. The most
essential issue for prevention of fibrotic scarring, and subsequent prolonged respiratory failure, in
patients with ARDS is blocking the overproduction of myofibroblasts, a goal for which no therapeutic
options currently exist. Our results suggest that inhibition of the activity of nuclear LOXL2 represents an
attractive therapeutic target for treating ARDS and preventing lung scarring.
Controlling extracellular LOXL2 activity is important for decreasing microenvironmental mechanical
tension and ECM stiffening in fibrotic alveoli. A recent study demonstrated that elevated mechanical
tension in alveoli activates a TGF-β1 signaling loop in alveolar type 2 cells, which drives periphery-tocenter progression of lung fibrosis [38]. Barry-Hamilton and colleagues [21] reported that treatment with
LOXL2 inhibitory monoclonal antibody (AB0023) decreased lung fibrosis and the number of activated
fibroblasts in murine lungs. Elevated LOXL2 expression in disease-associated stroma and alveolar
epithelial cells was also reported in patients with IPF [21, 24]. However, despite positive preclinical data, a
humanized monoclonal antibody against LOXL2, simtuzumab, failed to show benefit over placebo in
phase 2 trials in patients with IPF, liver fibrosis, or primary sclerosing cholangitis [26–28]. These clinical
results may be due to the inability of the monoclonal antibody to reach the intracellular space, raising the
possibility that solely inhibiting the extracellular activity of LOXL2 is insufficient to control fibrotic disease
progression. In fact, AB0023 had no direct effects on collagen production or TGF-β signaling in vitro [21].
Our results revealed intense nuclear expression of LOXL2 in fibroblasts and myofibroblasts in the lungs
after injury. We also demonstrated that siRNA-mediated silencing of LOXL2 effectively blocked TGF-β1induced FMT in lung fibroblasts. In light of our results, we believe that development of drugs with an
inhibitory effect on both extracellular and intracellular LOXL2 activities is key for establishing a
therapeutic strategy against ARDS and other fibrotic diseases. Recently, potent, irreversible, and highly
selective small-molecule inhibitors of LOXL2 have been identified [20]. These inhibitors are thought to be
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capable of cell and nuclear penetration, and could inhibit both intracellular and extracellular LOXL2
activity. Thus, small molecule cell-permeable inhibitors targeting LOXL2 may have great therapeutic value
against ARDS. Future work should evaluate the efficacy of small-molecule inhibitors of LOXL2 in ARDS
models in order to establish a novel therapeutic strategy in patients with ARDS.
Using double immunostaining and confocal microscopy, we found that fibroblasts and myofibroblasts
are the principal cells that express LOXL2 protein after lung injury. We also showed that silencing of
LOXL2 expression in lung fibroblasts suppressed TGF-β1-induced FMT in a stepwise fashion, i.e.,
emergence of proto-myofibroblast, α-SMA stress fiber expression, and collagen production. It is
particularly noteworthy that siRNA knockdown of LOXL2 almost completely suppressed the generation of
differentiated myofibroblasts. Because TGF-β1 is upregulated in BLM-induced fibrotic murine lungs [39],
our data emphasize that LOXL2 expression is necessary for TGF-β1-induced FMT during the pathological
process of fibrotic lung scarring. Because the properties of myofibroblasts, that is, contractile force and
excessive collagen production, contribute to the creation of the pathologic microenvironment of fibrotic
disease, LOXL2 suppression represents a potentially highly efficient therapeutic strategy against fibrotic
diseases.
LOXL2 participates in determination of cell fates, including those of hepatic progenitor cells [40],
endothelial cells [32], and chondrocytes [41], as well as epithelial–mesenchymal transition (EMT) [31, 33]
and the FMT, as shown here and in earlier studies [24, 34]. Several lines of research have elucidated the
underlying molecular mechanisms by which nuclear LOXL2 contributes to cell fate decisions as an
epigenetic regulator. During neural progenitor differentiation, LOXL2 oxidizes methylated TATA-binding
protein–associated factor 10 (TAF10), a component of transcriptional factor IID (TFIID), and induces
release of TAF10 from TFIID, leading to repression of TFIID-dependent genes and subsequent loss of
pluripotency [30]. At the initial steps of EMT, LOXL2 is required for Snail-induced repression of noncoding
pericentromeric RNA transcription (i.e., major satellites) through histone H3K4 oxidative deamination,
which in turn induces transient release of heterochromatin 1α from heterochromatin foci and the
subsequent heterochromatin reorganization necessary for completing the EMT [31]. In addition to the
EMT, Snail is also essential for the FMT; accordingly, Snail1 deletion in cardiac fibroblasts nearly
abolishes myofibroblast differentiation following exposure to TGF-β1 [42]. In this study, we observed
strong nuclear expression of LOXL2 and Snail in myofibroblasts after lung injury. At the same time, we
also found that LOXL2 knockdown blocked TGF-β1-induced FMT in association with downregulation of
Snail expression. Based on these findings, we consider that the intracellular function of LOXL2 (i.e.,
cooperation with Snail in transcriptional regulation) is more important than its extracellular function (i.e.,
augmentation of ECM stiffness and subsequent induction of myofibroblast differentiation mediated by
mechanotransduction) for the FMT and subsequent progression of fibrotic scarring. Recent findings that
cells stably expressing the intracellular form of non-glycosylated LOXL2 (~ 75 kDa), which has high
affinity for the nucleus, are more strongly associated with the EMT than cells stably expressing secreted
form of N-glycosylated LOXL2 (~ 100 kDa) [43], support our hypothesis.
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We demonstrated that LOXL2 silencing inhibited upregulation of pSmad2 and Snail in TGF-β1-treated
lung fibroblasts. Snail is a target gene of the TGF-β1/Smad2 pathway [44], and LOXL2 upregulates TGFβ1 signaling through phosphatidylinositol 3-kinase/AKT/mammalian target of rapamycin complex 1
signaling [45]. In addition, intracellular LOXL2 could protect Snail from glycogen synthase kinase 3β–
catalyzed Snail phosphorylation and subsequent ubiquitinylation and proteasomal degradation mediated
by oxidization of Lys98 and/or Lys 137 in the SNAG domain of Snail [33]. We observed intense nuclear
expression of LOXL2 and Snail in myofibroblasts during the fibrotic phase of BLM-induced lung injury.
Thus, LOXL2 might upregulate functional transcription activity of Snail not only activation of TGFβ1/Smad pathway in cytoplasm but also prevention of nuclear export and stabilization of Snail in nuclei
during the process of FMT.
Besides the efficiency of FMT, the size of the AMP population, which is a major contributor to
pathologically deleterious myofibroblasts [13], may also influence the progression of ARDS pathogenesis.
Interestingly, we found that LOXL2 knockdown in lung fibroblasts potently suppressed the expression
level of Postn (periostin), an intrinsic signaling ligand preferentially expressed in AMPs [13]. In vivo,
genetic ablation of periostin-positive cells decreases collagen production and scar formation after
myocardial infarction [46]. Moreover, excisional wounds created in the skin of periostin-knockout mice
result in a significant decrease in the number of myofibroblasts with reduced contractile ability [47].
Based on this study and previous work, we speculate that inhibition of intracellular LOXL2 activity could
prevent fibrotic scarring via reduction of the AMP population, as well as by blocking FMT.
In BALF from patients with ARDS, we observed elevated expression of LOXL2 protein in both the
proliferative and fibrotic phases in comparison with patients in the exudative phase of ARDS or control
subjects. These findings suggest that LOXL2 plays crucial roles in the progression of fibrosis in patients
with ARDS. The fact that higher baseline serum LOXL2 levels are associated with increased risk of IPF
disease progression [25] supports our idea. In regard to the regulation of LOXL2 expression, previous work
demonstrates that microRNA (miR)-26a directly downregulates LOXL2 gene expression [48]. Because
miR-26a is downregulated in a rat model of ARDS [49], the upregulation mechanisms of LOXL2 in the
lungs of ARDS patients may be caused by downregulation of miR26a, in addition to TGF-β1 [24].
Importantly, our clinical observation that LOXL2 was upregulated in the fibrotic phase of ARDS suggests
that LOXL2 inhibition could exert anti-fibrotic effect in patients with ARDS. Future work is needed to
determine which form of LOXL2 increased (i.e., secreted or intracellular) in BALF from patients with ARDS,
as well as to validate our observations in distinct ARDS cohorts.

Conclusions
Our data reveal that nuclear LOXL2 is upregulated in the lung fibroblasts and myofibroblasts specifically
during the fibrotic phase, and is required for the generation of myofibroblasts and maintenance of
myofibrogenic progenitors. In the lungs of ARDS patients, we observed increased expression of LOXL2
during the fibrotic phase. We hope that the insights gained from this study will facilitate the development
of treatments for ARDS.
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Figures
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Figure 1
Increased expression of LOXL2 in the lungs during the fibrotic phase of BLM-induced lung injury. a
Hematoxylin–eosin (HE) and Masson trichrome (MT) staining of lung sections of mice at baseline and 7
and 14 days after instillation of 6 units/kg of bleomycin (BLM). b mRNA levels of Lox and Loxl2 in whole
lung lysates of mice at baseline and 7 and 14 days after instillation of 6 units/kg of BLM. Gene
expression was normalized against expression of the gene encoding hypoxanthine
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phosphoribosyltransferase 1 (Hprt1). c Representative immunoblots for LOX and LOXL2 protein in whole
lung lysates at baseline and 7 and 14 days after instillation of 6 units/kg of BLM. β-actin was used as a
loading control. Sections are representative lung sections from four mice per group. Scale bar, 100 μm
(a). Data are expressed as means ± SEM for n=4 mice per group (b, c).

Figure 2
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Nuclear upregulation of LOXL2 in fibroblasts and myofibroblasts in the lungs of BLM-injected mice. a
Double immunofluorescence staining of lung sections for LOXL2 (red), Podoplanin (alveolar type 1 cells,
green), surfactant protein C (SP-C) (alveolar type 2 cells, green), α-smooth muscle actin (α-SMA)
(myofibroblast, green), fibroblast surface protein (FSP) (fibroblast, green), and CD11b (macrophage,
green) at baseline and 7 and 14 days after instillation of 6 units/kg of bleomycin (BLM). DAPI was used
to counterstain the nucleus (blue). Data are representative of four independent experiments per group.
Scale bar, 10 μm. b Proportion of LOXL2-positive cells in each type of cells at 7 and 14 days after
instillation of 6 units/kg of BLM. Single (LOXL2)- or double (LOXL2 and each cell type-specific marker)positive cells in 10 random fields were counted. The proportion of LOXL2+ cells positive for each cell
type–specific marker was calculated. Data are expressed as means ± SEM for n=4 mice per group.

Figure 3
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LOXL2 knockdown suppresses TGF-β1-induced myofibroblast generation in lung fibroblasts. a Loxl2
mRNA expression in transforming growth factor (TGF)-β1-treated Mlg 2908 cells transfected with
different siRNAs. b Immunofluorescence staining of control siRNA-(left panels) and Loxl2 siRNA1-(right
panels) transfected, TGF-β1-treated Mlg 2908 cells for α-smooth muscle actin (α-SMA, green). DAPI was
used to counterstain the nucleus (blue). Data are representative of four independent experiments per
group. Scale bars: low magnification (LM), 100 μm; high magnification (HM), 10 μm. c Quantification of
α-SMA stress fibers containing differentiated myofibroblasts treated with TGF-β1 and transfected with
different siRNAs. d Col1a1 mRNA expression in TGF-β1-treated Mlg 2908 cells treated with the indicated
siRNAs. e Actin filament staining with Alexa 488 phalloidin (green) of control siRNA-(left panels) and
Loxl2 siRNA1-(right panels) transfected, TGF-β1-treated Mlg 2908 cells. DAPI was used to counterstain
the nucleus (blue). Data are representative of four independent experiments per group. Scale bars: LM, 50
μm; HM, 10 μm. f Schematic of quantification of intracellular actin filaments. Twenty equally distributed
horizontal lines were overlaid on the immunostained images. For each line, intersection points with actin
filaments were manually counted. g Quantification of intracellular actin filament in TGF-β1-treated Mlg
2908 cells treated with the indicated siRNAs. h Postn mRNA expression in control siRNA- and Loxl2 siRNA
1-transfected, TGF-β1-treated Mlg 2908 cells. Data and expressed as means ± SEM for n=4 independent
experiments (four wells per group) (a, c, d, g, and h).
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Figure 4
LOXL2 knockdown suppresses TGF-β1-induced Smad2 phosphorylation and Snail expression in lung
fibroblasts. a, b Phosphorylated Smad2 and Snail expression were detected by immunoblotting of lysates
of control siRNA- and Loxl2 siRNA 1-transfected, transforming growth factor (TGF)-β1-treated Mlg 2908
cells. Quantitative comparisons were performed using total Smad2 and β-actin as loading controls. Data
are expressed as means ± SEM for n=4 independent experiments.
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Figure 5
Increased nuclear expression of Snail in myofibroblasts during fibrotic stage of BLM-induced lung injury.
a Double immunofluorescence staining for α-smooth muscle actin (α-SMA, green) and Snail (red) of lung
sections at baseline and 7 and 14 days after instillation with 6 units/kg of bleomycin (BLM). DAPI was
used to counterstain the nucleus (blue). Data are representative of four independent experiments per
group. Scale bar: low magnification (LM), 20 μm; high magnification (HM), 10 μm. b Quantification of αPage 22/24

SMA+Snail+ cells in lung sections at baseline and 7 and 14 days after instillation with 6 units/kg of BLM.
Data are means ± SEM of n=4 mice per group.

Figure 6
High levels of LOXL2 in the BALF in patients with ARDS during the fibrotic phase. a LOXL2 concentrations
in bronchoalveolar lavage fluid (BALF) from control subjects and patients with acute respiratory distress
syndrome (ARDS). b LOXL2 concentrations in BALF from control subjects, surviving patients with ARDS,
and patients who died of ARDS. c LOXL2 concentrations in BALF from control subjects, patients with
ARDS who underwent bronchoalveolar lavage in the exudative phase (from onset to day 3), those in
Page 23/24

proliferative phase (from day 4 to day 9), and those in fibrotic phase (day 10 and beyond). Data are
means ± SEM for 33 patients with ARDS and 7 control subjects (a), 20 survived patients with ARDS, 13
patients who died of ARDS, and 7 control subjects (b), 6 patients with ARDS in exudative phase, 17
patients with ARDS in proliferative phase, 10 patients with ARDS in fibrotic phase, and 7 control subjects
(c).
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