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Abstract

Background—Type Il pneumocyte (AECII) senescence has been implicated in the progression
of lung fibrosis. The capacity of senescent cells to modulate pulmonary macrophages to

drive fibrosis is unexplored. Insulin-like growth factor-1 receptor (IGF-1R) signaling has been
implicated as a regulator of senescence and aging.

Methods—Mice with an AECII specific deletion of IGF-1R received thoracic irradiation (n=5
per condition) and the effect of IGF-1R deficiency on radiation-induced AECII senescence and
macrophage polarization to an alternatively activated phenotype (M2) was investigated. IGF-1R
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signaling, macrophage polarization, and senescence were evaluated in surgically resected human
lung (n=63).

Results—IGF-1R deficient mice demonstrated reduced AECII senescence (senescent AECII/
field; intact: 7.25[average] + 3.5[SD] %, deficient: 2.75 + 2.8 %, p=.0001), reduced accumulation
of M2 macrophages (intact: 24.7 + 2.2 cells/field, deficient: 15.5 + 1.2 cells/field, p=.0086),

and fibrosis (hydroxyproline content; intact: 71.9 + 21.7 pg/lung, deficient: 31.7 + 7.9, p=.0485)
after irradiation. Senescent AECII enhanced M2 polarization in a paracrine fashion (relative Argz
MRNA, 0 Gy: 1.0 £ 0.4, 17.5 Gy: 7.34 + 0.5, p<.0001). Evaluation of surgical samples from
patients treated with chemo-radiation demonstrated increased expression of IGF-1 (unirradiated:
10.2 £ 4.9 % area, irradiated: 15.1 + 11.5 %, p=.0377), p21 (unirradiated: 0.013 £ 0.02 histoscore,
irradiated: 0.084 + 0.09 histoscore, p=.0002), IL-13 (unirradiated: 13.7 £ 2.8 % area, irradiated:
21.7 £ 3.8 %, p<.0001), and M2 macrophages in fibrotic regions relative to non-fibrotic regions
(unirradiated: 11.4 + 12.2 CD163+ cells/core, irradiated: 43.1 + 40.9 cells/core, p=.0011),
consistent with findings from animal models of lung fibrosis.

Conclusion—This study demonstrates that senescent AECII are necessary for the progression of
pulmonary fibrosis and serve as a targetable, chronic stimuli for macrophage activation in fibrotic
lung.

Introduction

Lung irradiation during therapy for thoracic malignancies can result in pneumonitis and
pulmonary fibrosis. Cellular senescence is implicated in the progression of pulmonary
fibrosis of multiple etiologies (1-4). Alveolar epithelial cells Type 11 (AECII) are surfactant
producing cells that also function as alveolar stem cells after lung injury, repopulating

both AECII and AECI. Pulmonary injuries that culminate in fibrosis are accompanied by
senescence and progressive depletion of AECII (2,5,6). The impact of senescence in the
relatively small AECII compartment on the progression of fibrosis and the inflammatory
milieu of the lung has not been evaluated.

Activation of the IGF-1 signaling pathway has been implicated in modulation of cellular
senescence and aging in normal tissues, including senescence after irradiation (7-9).
Prolonged IGF-1 exposure in primary cells and fibroblasts induces cellular senescence via
p53 stabilization and SIRT1 inhibition (10,11). Deletion or inhibition of the IGF-1 receptor
has been demonstrated to prevent cellular senescence, reduce aging in tissues, and extend
lifespan in organisms (12-15).

We hypothesized that selectively preventing AECII senescence would ameliorate fibrotic
progression following irradiation. To test this hypothesis, we exposed mice with AECII
specific /gfirconditional deletion to thoracic irradiation. /gfZr deficient mice exhibited
markedly reduced AECII senescence, fibrosis, and accumulation of alternatively activated
macrophages after irradiation compared to control mice. Interleukin-13 (IL-13) secreted by
senescent AECII was capable of polarizing macrophages towards an alternative phenotype.
Concordant findings of increased expression of IGF-1, p21, IL-13, and accumulation of
alternatively activated macrophages were observed in irradiated human lung tissue. These
data indicate that IGF-1R signaling is necessary for AECII senescence, and that prevention
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of AECII senescence is sufficient to mitigate radiation-induced macrophage polarization and
fibrotic progression.

Materials and methods

Mice and irradiation

Animal procedures were approved by the Animal Care and Use Committee (National Cancer
Institute, Bethesda, MD) and in accordance with the guidelines of the Institute of Laboratory
Animal Resources, National Research Council. Additional elements of the ARRIVE
guidelines for reporting of animal studies are included in the Supplementary Methods (16).
To inactivate IGF-1 signaling selectively in AECII, B6;129-/gf17M2A%€]) mice (Jackson
Laboratories, Bar Harbor, ME) and B6.129S- Sfipc™m1(cre/ERT2)BIR) mice (a kind gift of
Brigid Hogan, Duke University) were crossbred (Supplementary Methods). Eight-week old
F2 progeny (/lgf1r™/f. Spc-CreFR72) received corn oil (vehicle) or tamoxifen (200 mg/kg)
3 times per week (n=8 per condition). Two weeks after the last injection, mice received
thoracic irradiation (five daily fractions of 6 Gy) with an X-RAD 320 (Precision X-Ray,
North Branford, CT) using 2.0 mm Al filtration (320 kv peak) at a dose rate of 1.9 Gy/min.
At the indicated timepoints, lung was snap frozen and stored at —80°C, inflated with 10 %
neutral buffered formalin and paraffin embedded, or processed for frozen sections.

Histopathology

Formalin-fixed paraffin-embedded (FFPE) lung sections were deparaffinized in xylene,
rehydrated, and stained with hematoxylin and eosin (H&E) or Masson’s trichrome

stain (Sigma-Aldrich, St Louis, MO). Stained lung was examined on a Leica DMRXA
microscope (Wetzlar, Germany). Digital micrographs were captured at 10x magnification
using a QIlmaging Micropublisher Camera (Surrey, BC, Canada).

Hydroxyproline Assay

Hydroxyproline content was measured using a Hydroxyproline assay (Sigma-Aldrich)
according to the manufacturer’s protocol and expressed as micrograms per lung.

Quantitative PCR

Total RNA from frozen murine tissue was extracted with Trizol reagent (Life Technologies)
and purified with the RNeasy plus system (Qiagen, Valencia, CA), and 150-500 ng of
purified RNA was reverse-transcribed using QuantiTect reverse transcription kit (Qiagen).
Total RNA from human FFPE sections was extracted using the High Pure RNA Paraffin

kit (Roche Diagnostic, Mannheim, Germany), and 1pg of RNA was reverse-transcribed as
described above. Quantitative PCR (qPCR) was performed on an ABI 7500 system (Applied
Biosystems) using predesigned primer and probe sets for Tagman gene expression assays
(Life Technologies, Grand Island, NY) and normalized to actin.

Senescence assay

Lung sections or primary cell cultures were incubated with anti-prosurfactant protein
C antibody (Abcam, Cambridge, MA) after p-galactosidase activity assay (Abcam,
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Cambridge, MA), and treated with a secondary antibody conjugated to Alexa Flour 594
(Life Technologies, Grand Island, NY). Slides were mounted with ProLong antifade reagent
containing DAPI (Life Technologies, Grand Island, NY). The number of senescent AECII
was counted on five 20x fields per mouse (n=5).

Cell isolation

Pulmonary cell subsets were isolated from C57BL/6J and /gfir, Spc-CreFR72 mice, as
previously described (2) and as detailed in the Supplementary Methods.

Enzyme-linked immunosorbent assay

Lung homogenates were prepared with ice-cold T-Per buffer (Thermo Scientific, Waltham,
MA) containing 1x Halt Protease and Phosphatase inhibitor cocktail (Thermo Scientific).
Equal protein concentrations were used for ELISA sandwich assays (R&D Systems,
Minneapolis, MN) performed according to the manufacturer’s protocol.

Bone marrow derived macrophage cultures

Monocytes were enriched from C57BL/6J bone marrow, pre-differentiated into macrophages
by 6-day culture in RPMI1/10 % FCS supplemented with 20 ng/ml of M-CSF, then

cultured with AECII conditioned media (CM). Briefly, primary AECII were enriched from
C57BL/6J, irradiated with 17.5 Gy, and treated with 3 uM ABT-263 (Selleckchem, Houston,
TX) or vehicle for 24 hours beginning 48 hours after irradiation. AECII cultures were then
triple washed and conditioned with serum-reduced media (0.5 % FBS) for 16 hours. In
additional studies, macrophages cultures were treated with AECII conditioned media and

an IL-13 neutralizing antibody (1 pg/ml, MAB413, R&D System) or isotype control for 24
hours.

Flow cytometry

Single cell suspensions were produced from murine lung (n=5) after irradiation. After
blocking the Fc receptor with anti-mouse CD16/CD32 antibody (101335), cells were labeled
with fluorophore-conjugated BioLegend antibodies against mouse CD11b (101217), CD206
(141726), and F4/80 (123116). Labeled cells were fixed with 2 % PFA and acquired 100,000
events for each sample with LSR Fortessa (BD Biosciences, Franklin Lakes, NJ) and
analyzed with FloJo (Tree Star, Inc., Ashland, OR).

IHC profiling of human lung tissue

Lung tissue from 63 patients was acquired at the time of surgical resection for the
management of non-small cell lung cancer at Asan Medical Center between between 2005
and 2017. This study was approved by the Regional Institutional Review Board of Asan
Medical Center (approval no. 2020- 0566). All irradiated patients (n=34) received 45 Gy in
25 fractions. Additional clinicopathologic details are described in Supplementary Table 1.
Assessment of specimens to confirm freedom from visible tumor and scoring of fibrosis was
conducted by two pathologists (JSS and IH).
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TMA construction and IHC profiling of human lung tissue

Fibrotic and normal regions were selected from hematoxylin and eosin (H&E) and Masson’s
trichrome stained slides. Using a 1-mm diameter tissue cylinder, two cores were taken from
each FFPE tissue block and transplanted into recipient blocks using a tissue arrayer (Beecher
Instruments, Inc., Silver Spring, MD).

TMA sections at 5 um thickness were deparaffinized in xylene and rehydrated through a
graded alcohol series. Antigen retrieval was performed in citrate buffer (murine lung: pH
6.0, Vector Labs, Burlingame, CA; human lung: pH 9.0, Dako, Carpinteria, CA) at 125 °C,
15-17 Pa for 30 seconds in a Pascal Pressure cooker (Dako, Carpinteria, CA). Endogenous
peroxidase was quenched with 0.3 % H,0, for 10 minutes. Sections were blocked with 2.5
% normal horse serum for 1 hour and incubated with primary antibodies at 4°C overnight.
Primary immunoreactivity was detected with a polymeric peroxidase-conjugated secondary
antibody (ImmPress, Vector Labs) and visualized by 3,3’-diaminobenzidine histochemistry
(ImmPACT, Vector) in murine lung sections, and with Envision+ detect system (Dako) and
3,3’-diaminobenzidine (DAB) in patient lung tissues. Sections were counterstained with
Gill’s Hematoxylin (Sigma-Aldrich), dehydrated, and mounted with Permount. Anti-mouse
IGF-1 (ab40657), anti-mouse IGF-2 (ab9574), anti-mouse p21 (ab107099) anti-mouse F4/80
(ab6640) and anti-mouse Arginase-1 (ab11884) antibodies were purchased from Abcam
(Cambridge, MA). Anti-human IGF-1 (HPA048946), anti-human p21 (2947), anti-human
IL-13 (ab106731) and anti-Cre antibody (908002) were purchased from Sigma Aldrich

(St. Louis, MO), Cell Signaling Technology (Danvers, MA), Abcam and BioLegend (San
Diego, CA). Anti-phospho-IGF-1R (ab39398, Abcam) and anti-pro-SPC (sc-7705, Santa
Cruz Biotechnology (Dallas, TX) were utilized for immunofluorescence, and visualized
with fluorophore-conjugated secondary antibodies (Thermo Fisher, Waltham, MA). Labeled
sections were counterstained with 4°,6-diamidino-2-phenylindole (DAPI, Sigma Aldrich)
and mounted with Prolong Gold Anti-Fade Reagent (Life Technologies, Carlsbad, CA).

Digital image analysis.

Stained TMA slides were scanned with an Aperio AT2 digital scanner (v) in 20x objective
magnification and the images were automatically analyzed using Visiopharm software
v6.9.1 (Visiopharm, Hgrsholm, Denmark).

NanoString assays

Total RNA extracted from FFPE sections using the High Pure RNA Paraffin kit (Roche
Diagnostic) was quantified using the DS-11 spectrophotometer (DeNovix, Wilmington, DE),
and evaluated on the Bioanalyzer (Agilent Technologies, Santa Clara, CA) using DVV200 as
an indicator of RNA quality (Supplementary Table 2).

Expression of mRNA was assessed using a customized CodeSet containing probes against
target genes related to senescence, inflammation and fibrosis (Supplementary Table 3)
according to the manufacturer’s instructions. Briefly, probes and 100 ng total RNA from
each sample were hybridized overnight at 65°C according to the manufacturer’s protocol. A
NanoString nCounter Digital Analyzer (NanoString Technologies, Seattle, WA) was used to
count the digital barcodes representing the number of transcripts. The raw expression data
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were normalized using nSolver Analysis software. A normalization factor was calculated

by obtaining the geometric mean of the positive controls used for each sample and applied
to the raw counts of the nCounter output data to eliminate variability that was unrelated

to the samples. The resulting data were normalized again with the geometric mean of the
housekeeping genes.

Statistical Analyses

Results

Data are presented as mean + standard deviation unless otherwise noted. Statistical
analyses were performed using either Mann-Whitney test (non-parametric statistical test)
for comparisons between two conditions or ANOVA with Tukey’s correction for multiple
comparisons. A p value of <0.05 was considered significant for comparisons. All studies in
tissues were conducted in triplicate unless otherwise noted.

Senescence markers in murine pulmonary injury after irradiation

Expression of p16'"™4a js commonly used as marker of senescence, however prior studies
have suggested that p16'"k4a promotor activation may decline over time (17) and that other
cell types, such as macrophages may exhibit p16!"k42 expression (18). To confirm the most
appropriate marker for senescence in current model, primary AECII isolated from mouse
lung were irradiated /n vitrowith 17.5 Gy, a dose of radiation previously demonstrated

to induce senescence in AECII (2). The percent of AECII with p-Galactosidase activity
was increased after irradiation (0 Gy: 10.7 £ 2.16 %, 17.5 Gy: 19.6 + 3.64 %, p=.0111),

as was the relative expression of p27 (0 Gy: 1.0 £ 0.05, 17.5 Gy: 3.46 £ 0.14, p=.0112)

and /gfI mRNA (0 Gy: 1.0 £ 0.04, 17.5 Gy: 1.63 + 0.64, p=.0111), but not pZ6/nk4a
mRNA (0 Gy: 1.0 £ 0.07, 17.5 Gy: 0.89 + 0.11, 0=.4224), (Supplementary Figure 1A-D).
Analysis of AECI, AECII, and macrophages isolated from murine lungs after thoracic
irradiation revealed significantly increased p27 mRNA expression in AECII after irradiation
(0 Gy: 1.31 £0.03, 5x6 Gy: 2.14 £ 0.12, p=.0120) (Supplementary Figure 1F). In contrast,
p16/nk4a mRNA expression was significantly increased only in macrophages (0 Gy: 2.14 +
0.06, 5x6 Gy: 3.09 + 0.13, p=.0003) (Supplementary Figure 1E), suggesting that p16/nk4a
MRNA expression is not highly specific for epithelial senescence in this model.

Increased IGF-1 expression in AECII after irradiation

Prolonged IGF-1 exposure is known to induce cellular senescence (10). To evaluate IGF-1
signaling after IR, C57BL/6J mice were treated with 5 daily fractions of 6 Gy thoracic IR,

a previously validated radiation regimen (2). IGF-1 concentrations in lung were significantly
increased at 16 weeks after irradiation relative to age matched unirradiated lung (0 Gy:
1472.3 £ 51.5 pg/ml, 5x6 Gy: 2591.6 + 333.1 pg/ml, p=.0013) (Figure 1A), whereas IGF-2
concentrations increased only as a function of age (2 week: 16.1 + 6.4 pg/ml, 16 week:

59.5 + 10.7 pg/ml, p=.0044) (Figure 1B). IGF-1 receptor (IGF-1R) phosphorylation was
elevated in irradiated lung compared to age-matched normal lung (Figure 1C), consistent
with activation of IGF signaling. Irradiation increased the relative expression of /gfZ mMRNA
in AECII (0 Gy: 2.12 £ 0.02, 17.5 Gy: 3.03 £ 0.05, p=.0001) primary cultures, but not
AECI (0 Gy: 1.0 £0.016, 17.5 Gy: 1.20 + 0.006, p=.0610) (Figure 1D). IGF-1 neutralization
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was sufficient to prevent radiation-induced senescence in primary AECII cultures (isotype-
control: 19.6 £ 3.7 %, anti-IGFlantibody: 7.73 £ 1.6 %, p=.0021) (Figure 1E). These
findings demonstrate a role of IGF-1R signaling in AECII senescence after IR.

Deficiency of IGF-1R in AECII protects against radiation-induced lung injury.

To inactivate IGF-1 signaling selectively in AECII, Sfioc-CreER™2 mice expressing a
tamoxifen-inducible Cre recombinase at the Sfzoc locus (B6.129S- Sftpc!m1(cre/ERT2)BIr .
Jackson Laboratory) were crossed with mice possessing loxP sites in the IGF-1 receptor
gene (1gfir) (B6;129-/gf1rm2Arge(); Jackson Laboratory). F2 progeny homozygous for

both alleles (/gf1™/fx | Spc-Cre*) were treated with Tamoxifen for specific deletion of
IGF-1R in AECII or vehicle (corn oil; Supplementary Figure 2). Lungs from vehicle

treated /gf1r ™% Spc-Cre* mice exhibited extensive fibrosis (Figure 2A & B) and
hydroxyproline accumulation after irradiation (intact: 0 Gy: 30.9 £ 7.6 pg/lung, 5x6 Gy:
71.9 + 21.7 pg/lung, p=.0218) (Figure 2C). In contrast, tamoxifen treated, irradiated /gfir
x/flx) Spe-Cre* mice developed markedly attenuated pulmonary fibrosis with no significant
in hydroxyproline content (deficient; 0 Gy: 26.0 £ 10.4 pg/lung, 5x6 Gy: 37.1 £ 7.9 ug/lung,
p=.7402). IGF-1R deficiency led to significantly reduced AECII senescence (senescent/total
AECII; intact: 7.25 £ 3.5 %, deficient: 2.75 £ 2.8 %, p=.0001) (Figure 2D) and depletion
(pro-SPC+/field; intact: 0.79 + 0.2 cells/field, deficient: 1.11 £ 0.3 cells/field, p=.0275)
(Figure 2E) compared to mice with intact IGF-1R. These findings further support the notion
that IGF-1R signaling in AECII contributes to senescence and lung fibrosis.

Alternatively activated macrophages are the dominant immune cell observed in fibrotic
lung after irradiation (19-22). Mice with IGF-1R deficiency in AECII exhibited reduced
pulmonary macrophage accumulation (F4/80+/field; intact: 28.0 = 7.1 cells/field, deficient:
19.8 £+ 8.1 cells/field, p=.0050) (Figure 2F-G) and dramatically reduced accumulation

of Arg-1 positive cells (Arg-1+/field; intact: 24.8 + 5.4 cells/field, deficient: 7.5 £ 2.9
cells/field, p<.0001) (Figure 2F & H) after irradiation compared to vehicle treated /gfir
fx/flx| Spe-Cre* mice. Flow cytometry of single cell suspensions prepared from /gfir 7x/flxi
Spe-Cre* lungs (Figure 3A) demonstrated a significant increase in infiltrating (CD11b+,
F4/80+, CD206+) and residential (CD11b-, F4/80+, CD206+) macrophages at 16 weeks
after irradiation in mice with intact IGF-1R, an effect that was diminished with IGF-1R
deficiency in AECII ([infiltrating; intact: 32.6 £ 7.2 %, deficient: 13.5 £ 2.8 %, p<.0001],
[residential; intact: 7.69 + 0.9 %, deficient: 3.55 + 1.4 %, p=.0002]) (Figure 3 B-D) or
with senolytic therapy ([infiltrating; vehicle: 16.2 + 3.9 %, ABT263: 5.8 + 0.5 %, p=.0281],
[residential; vehicle: 1.82 + 0.4 %, ABT263: 0.02 + 0.01 %, p=.0167]) (Supplementary
Figure 3).

Senescent AECII contribute to M2 macrophage polarization via IL13 secretion.

These findings suggest that senescent AECII contribute to the accumulation of alternatively
activated macrophages (M2) after irradiation. To investigate if the observed macrophage
polarization was related to IGF-1 signaling and senescence in AECII, primary AECII were
enriched from /gf1r ™% Spc-Cre* mice treated with vehicle or Tamoxifen, irradiated,

and treated with ABT263 (a senolytic agent) (Figure 4A). Conditioned media from AECII
cultures was applied to bone marrow derived macrophages (BMDM). Radiation-induced
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senescence in AECII was reduced with either IGF-1R deficiency or senolytic treatment
(senescent/total AECII; [intact-17.5 Gy: 51.8 + 6.8 %, deficient-17.5 Gy: 17.9 £ 6.3 %,
p=.0017], [intact-17.5 Gy vehicle: 51.8 £+ 6.8 %, intact-17.5 Gy ABT263: 7.5 + 6.6 %,
p=.0002]) (Figure 4B). BMDM exposed to conditioned media from irradiated AECII with
intact IGF-1R displayed a significant increase in ArgZ mRNA expression (intact 0 Gy-CM:
1.0 £ 0.5 relative expression, intact 17.5 Gy-CM: 7.34 + 0.5 relative expression, p<.0001)
(Figure 4C) and relative expression of Ca206 mRNA (intact 0 Gy-CM: 1.0 £ 0.06, intact
17.5 Gy-CM: 3.74 £ 2.1, p=.0074) (Supplementary Figure 4). In contrast, BMDM exposed
to conditioned media from irradiated IGF-1R deficient AECII, or irradiated IGF-1R intact
AECII treated with ABT-263 did not express markers of alternative activation (IGF-1R
deficiency; 0 Gy-CM: 1.68 + 0.02 relative expression, deficient 17.5 Gy-CM: 2.57 £ 0.59
relative expression, p=.1756) (senolytic treatment; 0 Gy-ABT-263 CM: 1.1 + 0.08, 17.5 Gy-
ABT-263 CM: 1.59 + 0.4, p=.3416). These findings support the hypothesis that senescence
drives the elaboration of molecules by AECII that are capable of altering macrophage
phenotype.

/113 expression in primary AECII cultures was evaluated as a contributing paracrine factor
(Figure 4D). Irradiation increased /23 mRNA expression in IGF-1R competent AECII
(intact-0 Gy: 1.0 £ 0.45, intact-17.5 Gy: 3.9 + 0.35, £=.0001), whereas deficiency of IGF-1R
(deficient-0 Gy: 0.6 + 0.19, deficient-17.5 Gy: 0.8 + 0.39, p=.9898) or treatment with
ABT-263 (intact-0 Gy-ABT263: 0.01 + 0.01, intact-17.5 Gy-ABT263: 1.10 + 0.37, p=.0553)
was capable of preventing radiation-induced //Z3m RNA expression. Further, neutralization
of 1L-13 was sufficient to prevent the capacity of irradiated AECII conditioned media to
polarize BMDM towards an Arg-1 (relative ArgZ mRNA: isotype-control 17.5 Gy: 4.01 +
0.40, anti-1L13 antibody17.5 Gy: 1.85 + 0.04, p=.0012) (Figure 4E) and CD206 (relative
Cd206 mRNA: isotype-control 17.5 Gy: 4.42 + 1.63, anti-1L13 antibody17.5 Gy: 1.99 +
1.08, p=.0224) (Supplementary Figure 4C) expressing phenotype. Collectively, these data
suggest that senescent AECII contribute to alternative activation of macrophages through
elaboration of I1L-13.

Differential gene expression in irradiated human lungs.

To confirm that pathways identified in the murine model were relevant to the human
condition, the expression of genes implicated in senescence, fibrosis, and aging were
compared between samples of 13 patients with unirradiated, histologically normal
pulmonary parenchyma and samples from 30 patients with irradiated lung (Figure 5A).
Unsupervised hierarchical clustering based on gene expression revealed two distinguishable
groups, one consisting of 13 unirradiated and 4 irradiated specimens, and another which
consisted of 26 irradiated specimens (Figure 5B). Of the 414 genes analyzed, 174 genes
were differentially expressed between unirradiated and irradiated lung (p<0.05), including
IGF1 (Supplementary Figure 5).

Restricting the clustering analysis to genes implicated in fibrosis again resulted in separate
grouping of irradiated and unirradiated samples (Figure 5C). Consistent with the murine
model, the expression of /GF1 (unirradiated: 38.3 £ 15.9 Log, Ct, irradiated: 116.7 +
86.8, p=.0156), but not /GF2 (unirradiated: 71.4 + 28.8 Log, Ct, irradiated: 145.0 £

Int J Radiat Oncol Biol Phys. Author manuscript; available in PMC 2022 June 01.
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110.1, p=.1677), was increased significantly in irradiated human lung samples (Figure 5D).
Quantitative PCR was used to validate increased expression of selected fibrosis related
genes and /GF1 in human lung tissue after radiotherapy. As shown in Supplementary
Figure 5B, mRNA levels of /GF1, CCLZ, COL1AZ, COL3A1, and COL5A1 were increased
significantly in response to irradiation. The relative levels of ACTAZ2 mRNA were increased
in irradiated lung tissue but did not meet the threshold of significance.

IGF-1 expression and senescence in irradiated human lung

Further studies were conducted in custom TMAs composed of 126 cores (2 cores per
specimen) of surgically resected human lung tissue from patients with chemo-radiotherapy
(n=34) or without (n=29). Histological changes were assessed in TMA sections after
Masson Trichrome stain, with fibrotic regions only found in irradiated lung cores (Figure
6A). IGF-1 expression was significantly increased in irradiated lung tissue from both
fibrotic and non-fibrotic regions relative to that observed in samples from unirradiated lung
(unirradiated: 10.2 £ 4.9 % area, irradiated: 15.1 + 11.5 % area, p=.0377) (Figure 6B).

The expression of p21 was similarly increased significantly in irradiated lungs compared to
unirradiated lungs (unirradiated: 0.013 £ 0.02 histoscore, irradiated: 0.084 + 0.09 histoscore,
p=.0002) (Figure 6C), with the highest expression observed in fibrotic regions. IL-13
expression was often patchy within TMA cores, with a notable increase in fibrotic samples
(unirradiated: 13.7 + 2.8 % area, irradiated: 21.7 + 3.8 % area, p<.0001) (Figure 6D).

A significant accumulation of cells expressing CD68 (pan-macrophage marker) (CD68+
cells/core, unirradiated: 52.5 + 38.7, irradiated: 84.3 £+ 70.4 cells/core, p=.0453) and CD163
(M2 macrophage marker) (CD163+ cells/core, unirradiated: 11.4 + 12.2, irradiated: 43.1
+40.9, p=.0003) was found in irradiated lung tissues compared to unirradiated controls
(Figure 6E&F). These findings suggest that the murine model of radiation lung injury
shares relevant similarities with the human condition in the context of IGF-1 expression,
senescence, and alternative macrophage accumulation.

Discussion

In this study we demonstrate that IGF-1R signaling and resulting senescence in AECII is

a key factor in pulmonary fibrosis after radiation. We demonstrate that IL-13 secretion by
senescent AECII contributes to macrophage polarization towards an alternatively activated
phenotype. We further confirm that the findings of increased IGF-1 expression and
accumulation of alternatively activated macrophages are found in human lung tissue exposed
to radiation.

Pulmonary fibrosis resulting from diverse diseases, including idiopathic fibrosis,
scleroderma, infections, and exposure to radiation or other toxic stimuli has been linked

to senescence in lung (1-4). One method commonly used to study the impact of senescent
cells in tissue is transgenic mouse models that allow for the inducible removal of p16/nk4a.
positive senescent cells, such as the INK-ATTAC and p16-3MR strains (1,23). There

is no universal marker of senescence, however p16/"k42 js commonly expressed in a
variety of senescent cells (17). Recent work has also demonstrated that alternatively
activated macrophages, which contribute to pulmonary fibrosis (24-26), express markers
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of senescence, including p16'"k4a and B-Galactosidase (18,27). Thus, it has been postulated
that at least some of the benefit observed in studies using mouse models in which senescent
cell clearance is dependent on p16/"k42 expression may be due to clearance of profibrotic
macrophages (18,27).

Another method for studying the impact of senescent cells in disease is the delivery of
senolytic agents that are capable of selectively clearing senescent cells. These agents often
have additional targets and a mechanism of action that may complicate the interpretation of
the relative contribution of senolytic action to any observed benefit. We sought to employ a
method that would clarify the impact of preventing senescence selectively in the relatively
rare AECII cells to clarify the role of stem cell senescence in fibrotic progression.

We noted that deficiency of IGF-1R in AECII not only prevented the accumulation

of senescent AECII after radiation, but also reduced the accumulation of residential

and infiltrating monocyte-derived M2 macrophages, suggesting a link between the two
processes. Chronic and persistent elaboration of the senescence-associated secretory
phenotype (SASP) by senescent cells has been implicated in senescence-related pathology
(28,29). The capacity of senescent AECII to polarize macrophages toward the M2 phenotype
was dependent on IL-13, a component of the SASP (30) that is known to polarize
macrophages towards an M2 phenotype and play a critical role in fibrotic progression
(19,31,32). Our study suggests that senescent cells may contribute to fibrosis by promoting
macrophage polarization towards a pro-fibrotic M2 phenotype in lung after irradiation.

Prior studies have demonstrated the importance of monocyte-derived macrophages relative
to tissue resident alveolar macrophages in fibrotic progression (24). Our findings

are consistent with prior studies demonstrating accumulation of alternatively activated
macrophages in the presence of senescent cells (18,27), however the reason for this
correlation was previously unclear. Both IGF-1R deficiency and senolytic therapy were
capable of reducing the accumulation of monocyte derived macrophages in our study. A
unique aspect of this study is the use of a genetically engineered model not dependent

on p16!"k42 to reduce senescence in tissues. As p16!"k42 hased clearance may also clear
alternatively activated macrophages, the interaction between these two cell subsets with
demonstrated roles in pulmonary fibrosis has been challenging to decipher.

These studies demonstrate that p16/"k42 may not be an optimal marker for senescence in
radiation injury models. The expression of p16!"k42 js dynamic after senescence inducing
stimuli (17) and also increase with age (33). Recently it has been suggested that activation
of the p16/"k4a promoter occurs at the time of cell cycle arrest and later decreases (17). In
this model, p16 '"k4a expression was primarily localized to alveolar macrophages and was
discordant to p21 expression and SA B-Gal activity. Given the long duration (4-6 months)
of radiation injury models, it is possible that an initial p16 '"k42 expression in AECII is
diminished at later time points. Regardless, these data suggest that p21 and SA p-Gal may
be preferable markers in chronic radiation injury models for lung which are dominated by
tissue residential macrophages and suggest that p16'"42 promotor elimination strategies
may serve to primarily clear macrophages in chronic radiation injury models. Further study
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is required to clarify the kinetics of p16!"k4a promotor activity in the various cell types
present in lung after irradiation.

IGF-1 signaling can play conflicting roles in tissue homeostasis (9). IGF-1 signaling
functions to enhance cell proliferation and survival in healthy tissue (34,35). Conversely,
activation of the IGF-1 pathway after irradiation has been linked to senescence in primary
cells (8). The role of IGF-1 signaling in the balance of senescence and apoptosis after DNA
damage may also be impacted by p53 status (10,36). Indeed, studies in tumor cells have
demonstrated that inhibiting IGF-1R signaling sensitizes to radiation and increases apoptosis
(37-40).

The timing of IGF-1 signaling activation and inhibition may also play a role in the
conflicting nature of studies, whereas inhibition of IGF-1R pathway activation prior to
irradiation prevents senescence, but inhibition after the presence of established senescence
results in apoptosis. The cause for these conflicting cellular responses is not known, but may
be related to the dependence of senescent cells on anti-apoptotic factors such as bcl-2 and
soluble Clusterin (7,41), molecules known to be induced by IGF-1 pathway activation after
injury or senescence (7,42). Further, the balance of apoptosis and senescence after cellular
stress, such as irradiation, is cell-type specific (43), potentially complicating extrapolation of
findings in other organs to lung.

This study has some limitations. IGF-1 signaling has been implicated in the progression of
pulmonary fibrosis in human IPF tissue and in murine models (44,45). Studies evaluating
the importance of IGF-1 signaling have typically utilized IGF-1R inhibition, potentially
exposing other cell types to IGF-1R inhibition, including macrophages, which are known
to be dependent on IGF-1R signaling to maintain M2 polarization (46). In an effort

to minimize the confounding impact on other cell types in lung from systemic IGF-1R
inhibition, we generated a mouse model in which IGF-1R was selectively deleted in AECII.
It is conceivable that some of the effects we observed /in vivo and in vitro were related

to impaired IGF-1R signaling and not due to prevention of senescence. To address this
weakness, we confirmed out findings with a senolytic agent that does not impact IGF-1R
signaling and found similar effects as those observed with IGF-1R deficiency.

A weakness of many studies investigating the mechanism of lung fibrosis is the absence of
human tissue for validation. We confirmed our key findings in human lung tissue collected
at the time of surgery. Some assays that would further validate our findings are not feasible
using fixed tissue. Thus, in future studies, evaluating fresh tissue may provide additional
experimental evidence and allow deeper mechanistic insight. The tissue that was studied was
collected from patients with lung cancer several weeks following treatment, as this timing

of surgery is the current standard of care. Special care was taken to avoid tumor bearing
regions in the resected specimen to minimize the chance that tumor specific paracrine effects
could be impacting our studies. Finally, we have focused on the role of 1L-13 production

by senescent AECII, as IL-13 is a driver of alternative activation of macrophages and plays
a key role in lung fibrosis (19,31,32,47,48). Senescent cells are known to secrete numerous
cytokines and molecules as part of the SASP (30), and it is likely that additional secreted
factors play a key role in post-injury lung fibrosis.

Int J Radiat Oncol Biol Phys. Author manuscript; available in PMC 2022 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chung et al.

Page 12

Our studies strongly support the hypothesis that senescent AECII play a critical role in
fibrotic progression, including a capacity to polarize macrophages to a pro-fibrotic M2
phenotype. Future studies will focus on identifying addition factors in the SASP that
contribute to the profibrotic environment through interaction with macrophages or other

cell types. These findings also support investigations of replenishing AECII via stem cell
therapy as a method to rescue lungs after exposure to pro-fibrotic stimuli. As AECII serve as
an alveolar stem cell, understanding how to most effectively prevent or clear senescent cells
without harming stem cell reserve is a critical scientific goal moving forward.
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Figure 1. IGF-1 signaling characterizes radiation-induced pulmonary fibrosis.
C57BL6/J mice were exposed to 5 daily fractions of 6 Gy (5x6 Gy) of thoracic irradiation.

At 2 and 16 weeks after irradiation, lung (n=5 mice per group) was collected. A-B) IGF-1
and IGF-2 expression were examined by ELISA and immunohistochemistry. p<0.05 by
ANOVA with Tukey’s correction: * 0 vs5x6 Gy, 2 2 vs16 weeks. Scale bars: 30 ym. C)
Phosphorylation of IGF-1R was evaluated with immunofluorescence in lung collected at
16 weeks after irradiation. AECII were identified by co-labeling with pro-SPC.Scale bar:
15 um. D) A single cell suspension prepared from mouse lungs was irradiated /7 vitro (O
Gy or 17.5 Gy). After a 3-day culture, RNA was isolated from the Aquaporin 5 (AECI)
and pro-surfactant-C (AECII) positive populations for quantitative PCR for /GF-1. p<0.05
by ANOVA with Tukey’s correction: * 0 vs17.5 Gy, 2 AECI vs AECII. E) Senescence

associated p-Galactosidase assays were performed in enriched AECII at 3 days after

a-IGF-1 Ab

irradiation in the presence of an IGF-1 neutralizing antibody. Scale bars: 15 pm. p<0.05
by ANOVA with Tukey’s correction: * 0 vs17.5 Gy, @ Isotype vs Anti-IGF-1.Columns:

mean, error bars: = SD.
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Figure 2. IGF-1R deficiency in AECII protects against radiation-induced lung injury.
lgf1r ™/fiX| Spe-Cre* mice were subjected to 5x6 Gy thoracic irradiation after Oil or

Tamoxifen treatment, followed by tissue collection at 16 weeks after irradiation (n=4).
A-B) Lung sections collected at 16 weeks after irradiation were subjected to Masson
Trichrome staining. Scale bars: 50 um. C) Hydroxyproline content was assessed in lung
tissue at 16 weeks after IR. D) The percentage of AECII with senescence associated
B-Galactosidase activity was assessed in lung tissue. E) The number of AECII per alveoli in
lung tissue 16 weeks after irradiation was assessed by immunohistochemical assay for pro-
Surfactant C. F-H) Immunohistochemical assays (brown) with hematoxylin counterstaining
(blue) were performed to investigate macrophage accumulation in lungs 16 weeks after
irradiation (F4/80: total macrophages, Arginase-1: M2 macrophages). Representative high-
power images are presented. Scale bars: 20 um. * 0 v517.5 Gy, @ Oil vs Tamoxifen.
Columns: mean, error bars: = SD, each symbol: p<0.05; ANOVA with Tukey’s correction.
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Figure 3. Deficiency of IGF-1R reduces the accumulation of M2 macrophages in irradiated
lungs.

A) lgfir ™17 Spe-Cre* mice (n=4) were subjected to 5x6 Gy thoracic radiation

or maintained unirradiated (0 Gy) after Oil or Tamoxifen administration. Single cell
suspensions were prepared from each group of lung digests and analyzed via flow cytometry
at 16 weeks after irradiation. B-D) A sequential gating strategy was developed to examine
the percent of CD11b+, F4/80+, CD206+ or CD11b-, F4/80+, CD206+ macrophages

in whole lung cell suspensions (left scattergrams). Bar graphs represents the percent of
infiltrating (CD11b+, F4/80+, CD206+) or residential (CD11b—, F4/80+, CD206+) M2
macrophages in each group of lungs. * 0 vs5x6 Gy, @ Oil vs Tamoxifen, 8 vehicle vs
ABT263. Columns: mean, error bars: = SD, each symbol: p<0.05; ANOVA with Tukey’s
correction.
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Figure 4. Deficiency of IGF-1R reduces the levels of 1L-13 secretion from AECII and results in
reduction of M2 type polarization.

A) AECII were enriched from single cell suspensions generated from /lgf1r ™/ Spc-Cre*
mice (n=4) treated with oil or Tamoxifen. Conditioned media (CM) was generated from
primary AECII cultures exposed to irradiation (0 Gy or 17.5 Gy), followed by the treatment
of ABT263 or vehicle. Collected CM was applied to BMDM cultures to investigate

the effect on macrophage polarization toward the M2 type. B) Senescence associated f3-
Galactosidase activity was assessed in AECII. C-E) The levels of Arg-1 mRNA and 1L13
were quantified by real-time PCR in polarized BMDM and AECII. * 0 vs5x6 Gy, 2 Oil vs
Tamoxifen, 8 vehicle vs ABT263, # Isotype control vsanti-1L-13 antibody. Columns: mean,
error bars: £ SD, each symbol: p<0.05; ANOVA with Tukey’s correction.
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Figure 5. Modification of IGF-1 signaling in lungs from NSCLC patients who received chemo-
radiotherapy.

A) To identify pathways associated with senescence, fibrosis, and aging that are altered

in irradiated lungs, surgically resected specimens without visible tumor were collected

from NSCLC patients treated with chemo-radiotherapy (Irradiated, n=30) or without
(Unirradiated, n=13). Total RNA was isolated from each specimen and used to perform
NanoString assays. B) Gene expression in these tissue samples was evaluated with a

custom codeset using the NanoString nCounter Gene Expression Assay. Unsupervised
hierarchical clustering was performed. IR: treated with radiotherapy, No-IR: not treated

with radiotherapy. Fibrosis: fibrosis scoring (0-3). C) The heatmap represents the expression
of genes related to fibrosis in lung specimens. D) IGF-1 and IGF-2 mRNA levels as assessed
by NanoString assay. Blue dots represent fibrotic cores, black dots represent non-fibrotic
cores. Boxes: interquartile range, bars in boxes: mean, error bars: Minimum & Maximum,
asterisk: p<0.05; Mann-Whitney test (non-parametric statistical test).
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Figure 6. Accumulation of M2 macrophages and induction of p21 protein are increased in

fibrotic irradiated lu

A) The levels of fibrosis in Masson’s-Trichrome stained TMA sections were scored

ngs.

by pathologists. B-F) Immunohistochemical assays were performed in TMA sections to

evaluate the levels of IGF-1 (% positively stained cells), p21 (histoscore), IL-13 (% of

tissue positively stained), and to assess numbers of total macrophages (CD68+) and M2

macrophages (CD163+) (total stained cells per core). Representative immunohistochemical
images (left) and bar graphs (right) for matched targets. N-F: No-Fibrosis, F: Fibrosis.
Scale bars: 100 um in whole core, 20 um in HPF. Blue dots represent fibrotic cores,

black dots represent non-fibrotic cores. Columns: mean, error bars: + SD, asterisk: p<0.05;
Mann-Whitney test (non-parametric statistical test).
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