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Abstract

Radiation-induced pulmonary fibrosis (RIPF) is a chronic, progressive complication of therapeutic
irradiation of the thorax. It has been suggested that senescence of type 1l pneumocytes (AECIISs),
an alveolar stem cell, plays a role in the development of RIPF through loss of replicative reserve
and via senescent AECII-driven release of proinflammatory and profibrotic cytokines. Within this
context, we hypothesized that arachidonate 12-lipoxygenase (12-LOX) is a critical mediator of
AECII senescence and RIPF. Treatment of wild-type AECIIs with 12S-hydroxyeicosateraenoic
acid (12S-HETE), a downstream product of 12-LOX, was sufficient to induce senescence in a
NADPH oxidase 4 (NOX4)-dependent manner. Mice deficient in 12-LOX exhibited reduced
AECII senescence, pulmonary collagen accumulation and accumulation of alternatively activated
(M2) macrophages after thoracic irradiation (5 x 6 Gy) compared to wild-type mice. Conditioned
media from irradiated or 12S-HETE-treated primary pneumocytes contained elevated levels of
IL-4 and IL-13 compared to untreated pneumocytes. Primary macrophages treated with
conditioned media from irradiated AECII demonstrated preferential M2 type polarization when
AECIIs were derived from wild-type mice compared to 12-L OX-deficient mice. Together, these
data identified 12-LOX as a critical component of RIPF and a therapeutic target for radiation-
induced lung injury.

INTRODUCTION

Nearly fifty percent of cancer patients receive radiotherapy during the course of their disease
(1, 2). The development of radiation-induced pulmonary fibrosis (RIPF) is a well-recognized

chronic, progressive toxicity of thoracic irradiation regardless of fractionation scheme, with

few effective therapeutic strategies available. Therefore, there is a critical need to understand

the mechanism involved in the development of RIPF and to identify potential targets for
therapeutic intervention.
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Recently published studies have suggested an underlying role of alveolar epithelial injury in
radiation response (3). The alveolar epithelium is composed of type 1 and type 2
pneumocytes [airway epithelial cells (AECIs and AECIIs)]. AECII maintain lung
homeostasis through the production of lipid surfactants, as well as through repopulation of
both AECI and AECII after injurious stimuli (4, 5). Exposure to toxic insults stimulate
AECIIs to release proinflammatory cytokines and to recruit macrophages, ultimately
resulting in the development of fibrosis (6-8). Furthermore, it has been demonstrated that
fibrosis-inducing doses of radiation increase AECII senescence, and these senescent AECIIs
stimulate fibroblast proliferation and collagen secretion (9, 10). Together, the connection
between AECII response to radiation and the development of fibrosis is well established:;
however, the interaction of AECII senescence, macrophage polarization and fibrosis remains
unclear.

We previously identified a gene expression signature of aging and senescence that was
associated with radiation fibrosis in lung. One gene included in this signature, Alox12 (pl12-
LOXin humans and mice), encodes arachidonate 12-lipoxygenase (12-LOX), an enzyme
that catalyzes peroxidation of arachidonic acid to 12S-hydroperoxyeicosatetraenoic acid
(12S-HPETE), which is rapidly reduced to 12S-hydroxyeicosatetraenoic acid (12S-HETE)
(11). 12S-HETE has been previously identified as a mediator in inflammatory response,
including upregulation of NADPH oxidases (11,12). Importantly, the role of 12-LOX in lung
fibrosis is not defined.

In this study, 12-LOX was identified as an essential signaling component in radiation-
induced senescence of AECIIs in a NOX4-dependent fashion. Expression of 12-LOX in
AECIIs was necessary for radiation-induced AECII secretion of IL-4 and 1L-13, which were
capable of polarizing macrophages to an M2 phenotype. 12-LOX deficiency was found to be
protective against fibrosis in a murine model of radiation lung injury. These results
demonstrate the significance of 12-LOX in RIPF and suggest a potential target for future
therapeutic intervention.

MATERIALS AND METHODS

Animals and Treatments

C57/B16J (wild-type) and B6.129S2- Alox12MVFun/y mice (Alox127"-) were obtained from
Jackson Laboratory (Bar Harbor, ME). Ten-week-old female wild-type or Alox127/~ mice
received thoracic irradiation (0 Gy, 5 Gy, 17.5 Gy or 5 x 6 Gy). Irradiations were performed
with mice restrained in a custom Lucite® jig with lead shielding that allows for selective
thoracic irradiation with an X-RAD 320 X-ray irradiator (Precision X-ray Inc., North
Branford, CT) using 2.0-mm aluminum filtration (300 kV peak) at a dose of 2.3 Gy/min.
Dosimetry was verified with thermoluminescent dosimeters.

All mice were given ad /ibitum access to food and water. Lung tissue was collected from
cohorts of mice at 2, 4, 8, 16 and 20 weeks postirradiation (n > 3 per condition). Lung tissue
was snap frozen, inflated with neutral buffered formalin or frozen in OCT™ compound
(Thermo Fisher Scientific™, Waltham, MA). Formalin-fixed lung tissue was paraffin
embedded and sectioned for histologic analysis.
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Isolation and Treatment of Primary AECIIs

Female wild-type or A/ox127/~ mice were anesthetized 10 min after intraperitoneal injection
of 12.5 pl/g body weight Heparin (Fresenius Kabi USA LLC, Lake Zurich, IL). Lungs were
perfused with 10 ml of HBSS (Thermo Fisher Scientific Gibco, Waltham, MA) containing
30 mMHEPES (Thermo Fisher Scientific Gibco), filled with 1 ml enzyme cocktail (Elastase
3 u/ml, 0.01% DNase l,and 0.2 % Collagenase (Millipore Sigma, St. Louis, MO) in HBSS
containing 30 mAM HEPES), and incubated in 5 ml of enzyme cocktail at 37°C for 30 min.
The digested tissue was carefully teased from the airways and gently swirled for 5 to 10 min.
The resulting suspension was successively filtered through 100-mm and 40-mm Falcon cell
strainers (Thermo Fisher Scientific), then centrifuged at 130¢g for 8 min at 4°C and
resuspended in HBSS. The crude single cell suspension was applied to a Ficoll® density
gradient isolation solution. Pneumocytes were collected from the layer of density 1.077-
1.080, washed with HBSS and then resuspended with DMEM media containing 10% FBS
and 1% antibiotic-antimycotic (100x) (Thermo Fisher Scientific). Cells were irradiated as
indicated. 12S-HETE (Sigma-Aldrich® LLC, St. Louis, MO) was delivered at a
concentration of 150 nA/in DMSO for 1 or 3 days. The NOX4 inhibitor, GKT137831
(Selleck Chemicals, Houston, TX), was added 1 h prior the irradiation at a concentration of
150 nMin DMSO. Enriched primary pneumocyte cultures were irradiated with a single dose
of 17.5 Gy, as described elsewhere (9), to avoid high rates of replicative senescence
associated with multi-day fractionation regimens.

Quantitative Real-Time PCR

Total RNA was isolated from 30 mg of lung tissue with the TRIzol® reagent (Invitrogen™,
Carlsbad, CA) and mechanical homogenization. After phase separation with chloroform,
genomic DNA was removed with DNA eliminator columns (QIAGEN®, Valencia, CA).
Total RNA was cleaned using RNAeasy spin columns (QIAGEN) according to manufacturer
recommendations. Quantitative real-time PCR was performed with 0.5 pug of cDNA assayed
in a 20 pl reaction volume. The reactions were incubated for 2 min at 50°C, for 10 min at
95°C for initial denaturing and followed by 50 cycles of 95°C for 15 s and 60°C for 1 min
using TagMan® Gene Expression assay primers and reagent (Thermo Fisher Scientific).
Fold increase of each target was normalized to endogenous actin.

Western Blotting

Lung tissue extracts were prepared using radioimmunoprecipitation assay buffer (RIPA
buffer; Pierce Chemical, Dallas, TX) containing Halt™ Protease and Phosphatase Inhibitor
Cocktail (Thermo Fisher Scientific) and phosphatase inhibitors (Sigma-Aldrich), followed
by measurement of protein concentrations using the Bradford method (Bio-Rad®
Laboratories Inc., Hercules, CA). Equal amounts of protein were subjected to Western blot
analysis, which were probed with the following primary antibodies: 12-LOX, p21, p16
(Abcam®, Cambridge, UK), NOX4 (Novus Biologicals LLC, Centennial, CO) and Actin
(Millipore Sigma, Burlington, MA).
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Histopathology and Histochemistry

ELISA

To assess fibrosis histologically, sections of lung were deparaffinized in xylene, and
rehydrated through a graded alcohol series to water. Sections were then incubated in Bouin’s
picric-formalin and then stained using Masson’s trichrome with aniline blue as the collagen
stain and Weigert’s iron hematoxylin as the nuclear counterstain. Sections were dehydrated
through graded alcohols to xylene, and coverslips were mounted with mounting media
(Permount™; Thermo Fisher Scientific). Stained slides were examined on a Leica DM LB2
microscope (Wetzlar, Germany) and digital micrographs were captured at 40x magnification
and imported into QCapture (Quantitative Imaging Corp., Surrey, Canada).

Immunohistochemistry for cell-specific markers was utilized to identify cell types in murine
lungs (pro-SPC for AECII; CD68 as a pan-macrophage marker; arginase-1 for M2
macrophages). Briefly, paraffin-embedded lung sections were deparaffinized in xylene and
rehydrated through a graded alcohol series to water. Fluorescent immunohistochemical
assays were performed using the specific primary antibodies (Abcam®, Cambridge, MA)
against each molecule followed with compatible secondary antibodies conjugated with a
fluorophore (Life Technologies, Grand Island, NY). The number of each cell type was
counted on five randomly selected high-power fields (40x) in each lung (> 15 fields per

group).

To visualize senescence, frozen lung sections or primary pneumocyte cultures were
evaluated using a senescence-associated p-galactosidase activity assay (Abcam) according to
manufacturer’s instructions. To simultaneously identify AECIIs, lung tissue sections or
primary cell cultures were incubated with anti-prosurfactant protein C antibody (Abcam)
after p-galactosidase activity assay, and treated with compatible secondary antibody
conjugated to Alexa Fluor® 594 (Life Technologies). Slides were mounted with ProLong
antifade reagent containing DAPI (Life Technologies).

To assess the superoxide content of cells, 10 uM of dihydroethidium (DHE; Thermo Fisher
Molecular Probes, Waltham, MA) was added to enriched primary AECIIs from the lungs of
wild-type and A/ox127/~ mice at 24 h after 17.5 Gy irradiation. After 30 min incubation
with DHE at 37°C in a CO» incubator, the cells were washed twice with cold phosphate
buffered saline (PBS). Red fluorescence was recorded using the EVOS® cell imaging
system (Thermo Fisher Scientific), and its intensity was measured in 50 cells using ImageJ
Software (National Institutes of Health, Bethesda, MD; open source: https://
imagej.nih.gov/ij/docs/index.html).

Lung tissue was homogenized in RIPA buffer containing protease inhibitors. Soluble
proteins were separated from insoluble material by centrifugation (16,000g, 10 min), and the
total protein count of the resulting supernatant was determined using the Bradford method
(BioRad). The supernatant was then subjected to ELISA to determine the concentrations of
12S-LOX using an ELISA kit (MyBioSource, San Diego, CA). The amount of IL-4 and
IL-13 was assessed in culture supernatants from primary AECII cells after different
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treatments as indicated using DuoSet® ELISA assay kits (R&D Systems™, Minneapolis,
MN).

Hydroxyproline Assay

The right-side lung (n = 3 mice per cohort) was weighed at the time of collection,
mechanically homogenized and snap frozen. Pulmonary hydroxyproline content was
measured after hydrolysis of a known weight of lung tissue in 1 ml of 6 N HCI at 110°C for
18 h. Hydrosylate was analyzed using the BioVision Hydroxyproline Assay Kit (Milpitas,
CA\) according to manufacturer instructions. The increase in pulmonary hydroxyproline per
mouse was calculated based on total lung weight and expressed as ig in the lung.

Macrophage Polarization

Bone marrow-derived monocytes (BMDM) were pre-differentiated into MO macrophages by
culture for 6 days in RPMI1/10% FCS supplemented with 20 ng/ml of M-CSF (PeproTech®,
Rocky Hill, NJ). MO macrophages prepared from bone marrow were incubated with
complete media containing 50% culture supernatants collected from differently treated
primary AECII cells. For macrophage stimulation assays, MO macrophages were prepared
from wild-type or Alox227/~ mice and treated with 1 ng/mL LPS (Peprotech, Rocky Hill,
NJ), 10 ng/ml IL-4 (Sigma-Aldrich, St. Louis, MO), 10 ng/mL IL-13 (Sigma-Aldrich, St.
Louis, MO) or PBS (Thermo Fisher Scientific Gibco). After 24 h, total RNA was isolated
from each macrophage group and analyzed with quantitative real time PCR for Arg-1and
INOS using TagMan® Gene Expression assay primers and reagent (Thermo Fisher
Scientific). Fold increase of each target was normalized to endogenous actin.

Statistical Analysis

For in vitro studies, comparisons between conditions were evaluated using one-way analysis
of variance (ANOVA) with Tukey’s correction for multiple comparisons. A Pvalue of less
than 0.05 was considered statistically significant. /n vitro studies were performed in
duplicate and validated in three separate experiments. For /in7 vivo studies, comparisons
between conditions were evaluated with two-way ANOVA with Tukey’s correction for
multiple comparisons.

RESULTS

12-LOX Expression is Increased in Murine Lung after Fibrosis-Inducing Doses of Radiation

We previously identified an aging- and senescence-related pattern of gene expression in
radiation-induced murine lung fibrosis (9). Increased expression of Alox12 after in vivo17.5
Gy irradiation, as assessed using cDNA microarray, contributed to this published signature.
To confirm that two previously reported fibrosis-evoking dose regimens of radiation increase
the expression of Alox12RNA, wild-type mice received 0 Gy, 5 Gy, 17.5 Gy and 5 x 6 Gy
thoracic irradiation and A/ox12 RNA expression was evaluated across multiple timepoints.
Mice that received a fibrogenic dose of radiation (17.5 Gy, 5 x 6 Gy) had significant
increases in Alox12RNA expression (Fig. 1A) in the first 8 weeks postirradiation. In
contrast, mice receiving either no radiation or a 5 Gy single dose had no significant changes
from baseline in A/ox12 expression through the 30-week timepoint. ELISA (Fig. 1B) was
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used to determine the effects of radiation on 12-LOX protein expression. Consistent with
Alox12 gene expression, 12-LOX protein expression was similar in the lung tissue at all
timepoints in the nonirradiated mice and the mice receiving 5 Gy thoracic irradiation. Lung
tissue from mice irradiated at 17.5 Gy had a significant increase by week 8. Furthermore,
mice receiving the more rapidly lethal 5 x 6 Gy thoracic irradiation (9) demonstrated a
significant increase in Alox12 RNA expression as early as week 2 postirradiation. This
pattern was mirrored in 12-LOX protein levels assessed using Western blotting in whole
lung tissue lysates (Fig. 1C).

To identify the population of cells in lung tissue responsible for the increase in 12-LOX
expression after irradiation, specific cell types were isolated from irradiated murine lung
tissue (5 x 6 Gy) and analyzed using Western blotting for 12-LOX (Fig. 1D). Fibrosis-
inducing doses of radiation increased 12-LOX expression in AECIIs, but not in AECIs,
macrophages or the remaining cell types.

12S-HETE Induces Senescence in AECII Through Increase of NOX4 and p21 Expression

A growing body of evidence implicates AECII senescence in the development of fibrosis
(9,10,14). Established senescence biomarkers, such as p16, p21 and senescence-associated
[B-galactosidase activity (SA-p-gal), have been observed to accumulate in fibrotic lung
tissue. To determine the importance of 12-LOX in AECII senescence, enriched AECII
primary pneumocyte cultures were either irradiated at 17.5 Gy or administered 12S-HETE,
the active product of arachidonic acid oxidation by 12-L OX. Both radiation and 12S-HETE
were sufficient for increasing SA-B-gal activity in AECIIs compared to nonirradiated
AECIIs (Fig. 2A). These data suggest that 12-LOX metabolites are involved in the induction
of senescence.

An increase in NADPH oxidase (NOX) expression has been associated with the
development of senescence, and inhibition of NADPH oxidases has been demonstrated to
reduce AECII senescence /n vitroand in vivo after irradiation (9, 15). Indeed, expression of
NOX4 and p21, but not p16, was increased in AECIIs after 17.5 Gy irradiation or 12S-
HETE treatment (Fig. 2B). To determine if NOX activity was required for 12S-HETE-
induced AECII senescence, AECIIs were irradiated at 17.5 Gy or administered 12S-HETE
in the presence of GKT137831, an inhibitor of NADPH oxidases. Both radiation and 12S-
HETE significantly increased the senescent AECII population (Fig. 2C). Treatment of
AECIIs with GKT137831 was capable of attenuating both radiation- and 12S-HETE-
induced senescence (Fig. 2C). Together, these data suggest that 12-L OX metabolites and
radiation promote AECII senescence through increases of NOX4 and p21. To confirm a role
of 12-LOX in superoxide production after irradiation, primary pneumocytes generated from
wild-type and A/ox127/~ mice received 17.5 Gy irradiation. Radiation exposure resulted in
increased DHE oxidation in wild-type AECIIs, whereas AECIIs deficient in 12-LOX
showed no significant change in DHE oxidation after irradiation (Supplementary Fig. S1;
https://doi.org/10.1667/RR15356.1.S1).
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Deficiency of 12-LOX Attenuates Radiation-Induced Fibrosis and M2 Macrophage
Accumulation

To confirm a causative role of 12-LOX signaling in the development of radiation-induced
senescence and fibrosis, wild-type and A/ox12”~ mice received either 0 Gy or 5 x 6 Gy
thoracic irradiation. The fractionated 5 x 6 Gy regimen was utilized for studies in genetically
deficient mice, since it accelerates the fibrotic process (9), reduces dermatitis compared to a
single fraction, and has been shown to be biologically similar in regard to 12-LOX
expression (Fig. 1). At 20 weeks postirradiation, lung tissue was analyzed for collagen
deposition (Fig. 3A). Wild-type irradiated mice had a significant increase in fibrotic foci
(Fig. 3A and B) and hydroxyproline content compared to nonirradiated controls (Fig. 3C).
Deficiency of 12-LOX significantly reduced radiation-induced accumulation of fibrotic foci
and increase in hydroxyproline content. As expected, irradiated wild-type mice had a
significant increase in the proportion of senescent AECIIs compared to nonirradiated
controls (Fig. 3D). In contrast, in Alox127'~ mice, the proportion of AECIIs with SA-B-gal
activity after irradiation was significantly reduced compared to that observed in irradiated
wild-type lung tissue. Together, these data confirm a role of 12-LOX in the accumulation of
senescent AECIIs after irradiation and in the progression of radiation-induced fibrosis.

Alternatively-activated macrophages play a critical role in radiation fibrosis (16, 17).
Exposure of the lung to fibrosis-evoking radiation doses results in a slow but progressive
accumulation of macrophages, with histologic evidence of macrophage accumulation
beginning at 8 weeks (18) and increasing over time (19). To determine the effect of 12-LOX
deficiency on macrophage accumulation and polarization after irradiation 7 vivo,
macrophages were visualized in lung tissue at 20 weeks after 5 x 6 Gy fractions using
immunohistochemistry. Macrophage accumulation was studied at 20 weeks postirradiation
because it occurs just prior to mice succumbing to lung injury, is the peak of macrophage
accumulation and is therefore relevant in determining if changes set forth earlier in the
disease course can affect the long-term inflammatory environment. Macrophage
accumulation (CD68™ cells) was significantly increased in irradiated wild-type mice
compared to wildtype controls (Fig. 3). No significant difference in macrophage
accumulation in lung tissue was observed in A/ox227'~ mice after thoracic irradiation. A
more pronounced accumulation of M2 polarized macrophages (arginase-1*) was observed
after irradiation in wild-type mice (Fig. 3F). In contrast, accumulation of M2 macrophages
in lung tissue after irradiation in A/ox12/~ mice was not elevated compared to nonirradiated
controls, suggesting that 12-LOX plays a crucial role in the polarization of M2 macrophages
after irradiation.

12-LOX Stimulates AECII Production of IL-4 and IL-13

Type 2 cytokines, such as IL-4 and IL-13, can stimulate macrophage polarization to an
alternatively activated phenotype (20). Of note, IL-13 has been shown to play a critical role
in radiation lung injury through recruitment and polarization of alternatively activated
macrophages and increased expression of fibrosis-associated genes (16, 17). To determine if
irradiated AECIIs contribute to this phenomenon, enriched AECII primary pneumocyte
cultures irradiated at 17.5 Gy, and mRNA expression for several cytokines known to be
important in fibrosis, inflammation and macrophage polarization were analyzed at days 1
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and 3 postirradiation by gPCR analysis. At day 1, exposure to 17.5 Gy significantly
increased the expression of /L-4 compared to control (Fig. 4A). By day 3, the expression of
IL-13, Alox12and IGFI1 were significantly increased after 17.5 Gy irradiation compared to
control. A strikingly similar pattern of gene expression was noted in enriched primary
AECII cultures treated with 12S-HETE, with early induction of IL-4 and increased
expression of 1L-13 by day 3 (Fig. 4B). Increased expression of I1L-4 and IL-13 after
irradiation or 12S-HETE were confirmed at the protein level in conditioned media from
identically treated AECII cultures (Fig. 4C and D). Together, these data suggest that 12-LOX
stimulates AECII secretion of cytokines that may contribute to macrophage polarization to
an M2 phenotype.

12-LOX Participates in AECII-Mediated Macrophage Polarization

Having identified that AECIIs secrete cytokines that are known to induce alternative
activation of macrophages, further experiments were undertaken to determine if cytokines
elaborated from primary AECII cultures after irradiation or 12S-HETE treatment could
effectively polarize macrophages. Primary AECIIs enriched from wild-type and Alox127~
mice were 0 Gy or 17.5 Gy irradiated in culture (Fig. 5A). Three days postirradiation, both
conditioned media and AECII RNA were collected. /L-13RNA was significantly increased
by after 17.5 Gy irradiation in wild-type AECIIs, but not in Alox12= AECIIs (Fig. 5B),
recapitulating previous results obtained with 12S-HETE treatment (Fig. 4B-D).

To determine if irradiated AECIIs have the capacity to drive macrophage polarization and to
identify the role of 12-LOX in this effect, BMDM isolated from wild-type mice were
cultured with the AECII-conditioned media. Macrophages treated with conditioned media
from wild-type AECIIs irradiated at 17.5 Gy displayed a significant increase in Arg-1
mRNA (Fig. 5C), a marker of alternative activation. This effect was not observed when
conditioned media from 17.5 Gy irradiated A/ox227/~ AECIIs was applied to BMDM,
suggesting that 12-L OX activity is critical to this effect. In contrast, conditioned media from
17.5 Gy irradiated wild-type AECIIs increased the expression of /NOS, a marker of classical
macrophage activation (M1), but the increase in expression was not significant compared to
application of conditioned media from nonirradiated wild-type AECIIs. Furthermore, /INOS
expression was significantly increased in BMDM treated with conditioned media from
Alox127!= AECIIs relative to nonirradiated wild-type AECIIs (Fig. 5D). Together, these data
support the hypothesis that 12-LOX mediates IL-13 production by irradiated AECIIs, which
are capable of altering macrophage polarization.

12-LOX-Deficient Macrophages have a Reduced Response to M2 Polarizing Stimuli

Previously published studies have demonstrated the importance of other downstream
products of lipoxygenase metabolism of arachidonic acid, such as 15-HETE, in macrophage
polarization in allergic conditions (21-25). It is therefore conceivable that a reduction in the
accumulation of M2 macrophages in irradiated lung could also be affected by deficiency of a
lipoxygenase in macrophages in the A/ox127~ mice. To determine if the deficiency of 12-
LOX in Alox127~ macrophages altered the capacity for polarization after irradiation,
BMDM from wild-type and A/ox227/~ mice were treated with vehicle, LPS or IL-13. As
expected, IL-13 treatment increased the expression of Arg-1 and LPS treatment increased
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the expression of /NOS relative to vehicle control in BMDM from wild-type mice (Fig. 5E
and F). BMDM derived from A/ox227/~ mice had a blunted response to IL-13 compared to
wild-type mice, which was partially rescued with the addition of 12S-HETE to the culture
media. Importantly, the treatment of BMDM derived from wild-type or Alox127/~ mice with
12S-HETE, in the absence of IL-13 or LPS, did not affect the expression Arg-1 or iINOS,
suggesting that 12S-HETE does not independently alter macrophage polarization but may
enhance the effects of I1L-13.

DISCUSSION

Radiation-induced fibrosis is considered refractory to most treatments and exhibits a
chronic, progressive course. Indeed, there are no FDA-approved pharmacologic agents for
treatment of radiation-induced fibrosis in any organ. The pathological mechanism of fibrosis
can vary by the initiating insult and the organ in which the insult occurs. In lung fibrosis, the
pathological mechanism is associated with elaboration of pro-fibrotic and
immunomodulatory cytokines, pneumocyte senescence and death, chronic type 2
inflammation and collagen accumulation (9, 26-28). Within this context, prior work
demonstrated a significant increase in the expression of A/ox12, a gene that encodes 12-
lipoxygenase (12-LOX), in lung tissue exposed to fibrogenic doses of radiation (9); however,
the involvement of lipoxygenases in lung fibrosis remains largely unexplored.

Lipoxygenases (LOX) catalyze the formation of hydro-peroxyl eicosatetraenoic acids from
arachidonic acid, which can function as signaling molecules that influence numerous
physiologic processes. Six LOX isoforms are derived from each corresponding ALOX gene
in humans (ALOX15, ALOX15B, ALOX12, ALOX12B, ALOXE3and ALOXY), and in
mice (Alox15, Alox15b, Alox12, Alox12b, Aloxe3and Alox5) (29, 30). These isoforms are
distinguished by their differential organ expression patterns and their specific products. 12-
LOX (encoded by ALOXI12in humans and A/ox12in mice) has been primarily investigated
in leukocyte and myeloid lineage cells (31-33); however, 12-LOX expression has also been
identified in human and murine epithelium (34, 35). Polymorphisms in ALOXI12are
associated with an assortment of health conditions, including cancers, neurological disorders
and hypertension (36-39), supporting the critical role of 12-LOX in maintaining
homeostasis.

In this study, we identify 12-LOX, a known marker of aging and senescence (40), as a
mediator of radiation-induced lung injury, while highlighting potential therapeutic
implications. 12-LOX catalyzes arachidonic acid to 12S-HPETE, which is rapidly reduced
to 12S-HETE, due to intrinsic glutathione peroxidase activity (41). A critical finding in this
work is the capacity of 12S-HETE to induce NADPH-oxidase-dependent senescence in
AECIIs. Exposure of murine lung tissue to fibrogenic doses was confirmed to increase
Alox12expression and that of the protein it encodes, 12-LOX, as early as two weeks
postirradiation. This increased expression of 12-LOX was identified only in AECIIs, with
minimal increase in other cell types, consistent with senescence-associated expression of 12-
LOX and prior findings, reported elsewhere, of senescence preferentially occurring in
AECIIs after irradiation (9). In addition to the known signaling roles of 12S-HETE, these
findings suggest a mechanism by which senescent AECIIs can induce secondary senescence,
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namely via paracrine interactions. Furthermore, the critical role of NADPH oxidases in
AECII senescence and lung fibrosis after irradiation have previously been demonstrated (9);
however, the intermediaries involved in increased AECII NOX expression have not been
elucidated. An understanding of the pathways leading to increased NOX activity and
superoxide elaboration after irradiation in AECIIs may identify therapeutic targets.
Previously published work has suggested 5-HETE, a metabolite of 5-LOX, may have the
capacity to induce a stasis-like phenotype in fibroblasts in a p53-dependent mechanism,
although downstream intermediaries of 12-LOX and the contribution of NADPH-oxidase
have not been explored in this context (13).

Based on previously published work linking 12S-HETE to allergic and autoimmune diseases
characterized by type 2 inflammation (21-25), we hypothesized that 12-LOX plays a critical
role in the initiation and maintenance of macrophage accumulation and polarization in
irradiated lung. Herein, we sought to characterize changes in the inflammatory milieu of the
irradiated lung in the context of 12-LOX deficiency. Accumulation of predominantly
alternatively-activated macrophages, characterized by expression of arginase-1, was readily
evident in the alveolar space after irradiation in wild-type mice, but was substantially
reduced in the absence of 12-LOX. These findings strongly suggest that 12-L.OX and its
lipid mediators may contribute to the presence of type 2 polarized inflammation in lung after
irradiation.

IL-13 has been demonstrated to play a critical role in conditions dominated by type 2
inflammation such as parasite-induced (42, 43) and radiation-induced fibrosis (16). In
contrast, the type 2 cytokine IL-4 has been shown to alter macrophage accumulation after
irradiation, but has no effect on the progression of radiation-induced lung fibrosis (17). In
this study, the decrease in arg/inase-1-positive macrophages in the lungs of irradiated 12-
LOX-deficient mice compared to lungs of irradiated wild-type mice suggested that 12-LOX
deficiency may affect cytokines involved in the type 2 inflammatory response, such as IL-4
and IL-13. Because of the known pathogenic role of IL-13 in fibrosis, we chose to focus on
IL-13. Indeed, the expression of IL-13 was increased in AECIIs after irradiation or 12S-
HETE, and exposure of macrophages to the factors secreted by irradiated AECIIs was
sufficient to increase arginase-1 expression, a phenomenon that was reduced in the absence
of 12-LOX.

In contrast to our findings that 12-LOX contributes to radiation-induced fibrosis and
maintenance of type 2 inflammation, it has previously been reported that delivery of 125/
15S-HETE to the airways of mice attenuated allergic airway inflammation (44). Two
additional published studies have suggested that deficiency of 12/15-LOX encoded by the
Alox15gene in mice attenuates airway inflammation in asthma models (45, 46). Although
radiation lung injury and allergic airway inflammation share similarities, such as an
inflammatory environment dominated by type 2 cytokines, it is important to note that asthma
models primarily reflect airway inflammation, whereas radiation fibrosis largely spares the
airways while resulting in dense fibrosis in the alveolar space. Thus, it is conceivable that
the pathways and inflammatory mediators of biological relevance may differ in these distinct
pulmonary microenvironments. Furthermore, 12/15-LOX is a leukocyte-type isoform of
LOXs which is expressed in different cell types compared to 12-LOX, a platelet-type LOX.
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Indeed, published studies in airway inflammation have suggested a lack of 12-LOX
expression in bronchial airway epithelial cells (47), in contrast to the abundant expression in
pneumocytes observed in this work.

Prior work has demonstrated that 1L-4 and IL-13 upregulate leukocyte-type 12/15-L OX
activity in macrophages (44, 48) in a STAT6-dependent fashion (48). In the allergic airway
inflammation model, Ym1/2 lectin, a product of type 2 inflammation secreted in response to
IL-13, induced the expression of 12-LOX in dendritic cells (44). Furthermore, exposure of
dendritic cells to 12S-HETE resulted in reduced expression of IL-13. These previously
published findings coupled with the current work demonstrating 12S-HETE-increased IL-13
expression in AECIIs further support the notion that the effects of 12S-HETE are cell type
and context specific.

AECIIs are a subset of pulmonary epithelial cells that function as an alveolar stem cell and
as a major secretory component of the pulmonary epithelia via elaboration of surfactant.
AECII depletion has been implicated as a causal factor in fibrotic lung pathologies (6, 49).
In contrast, alveolar macrophages occupy a unique niche within the alveolus and are known
to exhibit a high-degree phenotypic plasticity (50). An important component of alveolar
macrophage homeostasis is moderated via cell-cell interactions and soluble mediators from
surrounding tissue, such as cytokines, CD200/CD200R, triggering receptor expressed by
myeloid cells, and Toll-like receptors (50-54). Indeed, many soluble factors in healthy lung
function as a suppressive stimulus for alveolar macrophages, ensuring homeostasis.
However, the contribution of monocyte/ epithelial interactions in the context of radiation
lung injury and the type 2 inflammatory program remains largely unexplored. A novel
finding in this work is the capacity of products secreted from AECIIs to influence the
polarization of macrophages in a 12-LOX-dependent manner. We demonstrate that AECII
cells, exposed to damaging stimuli such as radiation, elaborate factors capable of altering the
phenotype of macrophages, including IL-4 and IL-13. These results support previously
reported findings that irradiated alveolar macrophages exhibit a type 2 polarized phenotype
(16). When the irradiated AECIIs are derived from 12-LOX-deficient mice, IL-13 expression
is not induced by radiation and macrophages cultured with AECII conditioned media do not
exhibit markers of alternative activation. Coupled with the observation that the lung tissue
from irradiated 12-LOX-deficient mice exhibits attenuated accumulation of arginase-1
expressing macrophages, these data suggest that irradiated AECIIs contribute to alveolar
macrophage polarization via secretion of soluble factors in a 12-LOX and NADPH oxidase-
dependent fashion.

The mice used for studies were globally genetically deficient in 12-LOX. This genetically
modified mouse model provides greater confidence in specificity of these findings to 12-
LOX than would be obtained with pharmacologic inhibitors of lipoxygenases, which are
known to have off-target GABAergic and metabolic targets (55, 56). As a result, future
studies using site-specific recombinase technology may be beneficial in determining the
relative impact of 12-LOX deficiency in various cell-specific lineages /n vivo, validating the
co-culture experiments using cell lineages derived from wild-type and genetically-deficient
mice presented herein.
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CONCLUSION

In this study, the importance of AECII senescence in radiation-induced lung fibrosis and the
capacity to mitigate radiation lung injury by preventing AECII senescence have been
established. Radiation-induced 12-LOX expression mediates RIPF through increases in
NOX4- and p21-driven AECII senescence. Senescent AECII elaborate type 2 polarizing
cytokines IL-4 and IL-13, which are capable of altering macrophage phenotype. Together,
these data highlight the importance of macrophage-epithelial interactions in the context of
lung injury and chronic inflammation and have identified 12-LOX as a critical component of
RIPF as well as a potential therapeutic target for radiation lung injury.
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FIG. 1.

Increased expression of 12-LOX in irradiated lungs. C57/BI6NcR mice, 8-10 weeks old,
received thoracic irradiation (0 Gy, 5 Gy, 17.5 Gy or 5 x 6 Gy) and maintained for 2, 4, 6, 8,
16 or 30 weeks. Lung tissue was collected at the indicated timepoints. Panel A: RNA was
isolated from lung tissue at expsoure and timepoints noted (n = 3 mice per condition). The
expression of Alox12was determined using RT-PCR and normalized to B-actin. The
normalized expression of Alox12is presented relative to 0 Gy, week 2. Panel B: The
concentration of 12-LOX in homogenized lung tissue was determined with ELISA at the
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indicated timepoints postirradiation. Panel C: Protein expression of 12-LOX in irradiated
lung tissue was confirmed by Western blotting of lung tissue lysates. Panel D: Lung tissue
from mice that received thoracic irradiation at varying doses was digested to a single cell
suspension and macrophage, pneumocyte and remaining cell populations were enriched for
analysis. The expression of 12-LOX was determined in protein lysates from enriched cell
populations (n = 3); representative blot shown. Densitometry was used to quantitatively
represent differences in 12-LOX expression relative to actin. Panel E: Lung tissue collected
at 8 weeks postirradiation was subjected to immunofluorescence to localize 12-LOX
expression relative to that of prosurfactant-C, a marker of type 2 pneumocytes. Columns are
the mean and bars represent standard deviation (SD), *~ < 0.05 compared to 0 Gy, week 2
by ANOVA. Mac = macrophages; residual = residual digested lung cellular content after
AECI, AECII and macrophages removed. pro-SPC = pro-surfactant C.
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FIG. 2.

12S-HETE exposure induces senescence in AECII. Primary AECII were enriched from 8-
10-week-old C57/BI6NcR mice and cultured in chamber slides. AECII cultures received
17.5 Gy irradiation or treated with 150 nM 12S-HETE for 3 days. Panel A: Senescence was
assessed using SA-B-galactosidase activity assay and followed by immunocytochemical
localization of pro-surfactant C. The percentage of senescent AECII was scored. Columns
are the mean and bars represent SD, *P< 0.05 relative to vehicle. Panel B: Protein lysates
were prepared from enriched primary AECII cultures and subjected to Western blotting.
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Panel C: Enriched primary AECII cultures were treated with 150 nM 12S-HETE or
irradiated at 17.5 Gy. NOX inhibitor, 150 nA/ GKT137831 or vehicle (DMSO) was added 1
h prior to irradiation or 12S-HETE administration. After 3 days, p-galactosidase activity was
determined followed by immunofluorescence for pro-surfactant C. The percentage of AECII
with SA-B-gal activity was scored. Columns are the mean and bars represent SD, *£< 0.05
to untreated vehicle by ANOVA with Tukey’s correction; **£ < 0.05 to the corresponding
treated control (vehicle, 12S-HETE, 17.5 Gy) without NOX4 inhibitor by ANOVA with
Tukey’s correction.
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12-L.OX deficiency reduces lung fibrosis after thoracic irradiation. Wild-type mice (WT) or
12-LOX-deficient mice (A/ox127~) were subjected to 5 x 6 Gy thoracic irradiation and
followed until tissue collection at 16 weeks postirradiation (n = 5). Panel A: Lung sections
collected at 16 weeks postirradiation were subjected to Masson’s trichrome staining
(collagen: light blue; epithelia: red; nuclei: dark blue). Dense fibrotic foci are evident in
irradiated (5 x 6 Gy) wild-type mice but are markedly reduced in the lungs of similarly
treated A/ox12~~mice. Panel B: The number of fibrotic foci per lung was assessed using
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Masson’s trichrome stained specimens. Panels C and D: Hydroxyproline content and
percentage of AECII with senescence-associated p-galactosidase activity, respectively were
assessed in lung tissue. Lung sections from the 16-week timepoint were immunostained for
(panel E) CD68 and (panel F) arginase-1, and counterstained with hematoxylin (blue).
Representative high-power images are presented. Columns are the mean and bars represent
SD, *P < 0.05 to isogenic untreated control by ANOVA with Tukey’s correction. **£< 0.05
for comparison to radiated wild-type by ANOVA with Tukey’s correction.
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Day 1 Day 3

Radiation and 12S-HETE exposure increase the expression of IL-4 and I1L-13 in primary
AECII cultures. Enriched primary AECII cultures either 17.5 Gy irradiated (panel A) or
administered 150 nM 12S-HETE (panel B) and maintained for 1 or 3 days. RNA was
isolated from treated AECII cultures and the expression of several genes previously
implicated in lung fibrosis were assessed and normalized to B-actin. Panels C and D:
Enriched primary AECII cultures were either treated with 150 nA/ 12S-HETE or irradiated
at 17.5 Gy for 1 or 3 days, and cells were then maintained in 0.5% FBS, reduced serum
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media for 16 h. Conditioned media was collected and subjected to ELISA for IL-4 and
IL-13. Columns are the mean and bars represent SD. *P < 0.05 compared to vehicle within
timepoint by ANOVA. **P< 0.05 compared to same treatment across days 1 to 3 by
ANOVA.
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FIG.5.

Factors secreted by AECII after irradiation can alter macrophage polarization in a 12-LOX
dependent fashion. Panel A: Primary AECII cultures were generated from lung digests of
wild-type (WT) or 12-LOX-deficient mice (Alox127/~)and in vitro irradiated (0 Gy or 17.5
Gy). Conditioned media from irradiated AECII cultures was applied to wild-type bone
marrow-derived monocytes (BMDM). Panel B: /L-13mRNA expression in AECII cultures
from wild-type and A/ox227'~ mice was determined with RT-PCR. Panels C and D: BMDM
from wild-type mice were treated with conditioned media from irradiated wild-type or
Alox127'= pneumocyte cultures. After 24 h of exposure to conditioned media, RNA from
macrophages was isolated and the expression of arginase-1 and /INOS was assessed.
Columns are the mean and bars represent SD. *P < 0.05 for comparison to isogenic control
(0 Gy) by ANOVA. **P < 0.05 for comparison to irradiated wild-type by ANOVA. Panels E
and F: BMDM from wild-type and A/oxZ27/~mice were treated with vehicle, LPS, IL-13 or
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12S-HETE. After 24 h of exposure, RNA from macrophages was isolated and the expression
of arginase-1 and iINOS was assessed. Columns are the mean and bars represent SD. *P<
0.05 for the comparison to wild-type vehicle by ANOVA. **P < 0.05 for the comparison to
wild-type within each treatment group by ANOVA. ***P < 0.05 for the comparison to
Alox127"= within a treatment group by ANOVA.
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