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Abstract

Purpose: Radiation-induced lung injury (RILI) is a progressive condition with an early phase
(radiation pneumonitis) and a late phase (lung fibrosis). RILI may occur after partial-body ionizing
radiation exposures or internal radioisotope exposure, with wide individual variability in timing
and extent of lung injury. This study aimed to provide new insights into the pathogenesis and
progression of RILI in the nonhuman primate (NHP) rhesus macaque model.

Methods and Materials: We used an integrative approach to understand RILI and its evolution
at clinical and molecular levels in 17 NHPs exposed to 10 Gy of whole-thorax irradiation in
comparison with 3 sham-irradiated control NHPs. Clinically, we monitored respiratory rates,
computed tomography (CT) scans, plasma cytokine levels, and bronchoalveolar lavage (BAL) over
8 months and lung samples collected at necropsy for molecular and histopathologic analyses using
RNA sequencing and immunohistochemistry.

Results: Elevated respiratory rates, greater CT density, and more severe pneumonitis with
increased macrophage content were associated with early mortality. Radiation-induced lung
fibrosis included polarization of macrophages toward the M2-like phenotype, TGF- g signaling,
expression of CDKN1A/p21 in epithelial cells, and expression of a-SMA in lung stroma. RNA
sequencing analysis of lung tissue revealed SERPINAS3, ATP12A, GJB2, CLDN10, TOX3, and
LPA as top dysregulated transcripts in irradiated animals. In addition to transcriptomic data, we
observed increased protein expression of SERPINAS3, TGF-£1, CCLZ and CCL11in BAL and
plasma samples.
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Conclusions: Our combined clinical, imaging, histologic, and transcriptomic analysis provides
new insights into the early and late phases of RILI and highlights possible biomarkers and
potential therapeutic targets of RILI. Activation of TGF-gand macrophage polarization appear to
be key mechanisms involved in RILI.

Introduction

High doses of ionizing radiation exposure to the thorax during accidental or clinical events
can disrupt normal lung biology substantially, leading to radiation-induced lung injury
(RILI). The lung is a radiosensitive organ, and RILI may occur at single doses of 9.5 Gy.
For fractionated therapeutic exposures, the mean lung dose (=35.5 Gy), the volume of lung
exposed to =20 Gy, and a higher total dose (=45 Gy) are consistent predictors of radiation
pneumonitis (RP).1~8 Nonuniform and partial body exposure are likely scenarios that could
lead to significant lung damage.” RILI is a progressive condition that has 2 phases: an early
phase of RP, which includes inflammation, edema, and the proliferation of epithelial and
endothelial cells, and a late phase of irreversible lung fibrosis (LF), with the accumulation of
fibroblasts, myofibroblasts, and extracellular matrix remodeling. Persistent RILI leads to
fibrosis, for which there is no treatment approved by the US Food and Drug Administration.
8 Thus, RP and LF represent important clinical challenges for diagnosis, prognosis, and
treatment.

Macrophages play an important role in instigating radiation-induced proinflammatory and
profibrotic responses.? However, their role in RILI and subsequent development of LF is not
fully understood.1% TGF-gis a major regulator of fibrosis'! and is the most potent inducer of
extracellular matrix synthesis. TGF-gS promotes the development of myofibroblasts, which
can arise from resident fibroblasts or circulating fibrocytes or via epithelial-mesenchymal
transition (EMT).12 We hypothesized that macrophage polarization and increased TGF-gare
important triggers for the progression of LF in the RILI nonhuman primate (NHP) model.
Our data provide new insights into the pathogenesis and progression of RILI in the NHP
model and a basis for investigating underlying mechanisms in RILI.

Methods and Materials

Animals and study design

For the present study, we used 17 rhesus macaques (median age, 4.76 years; median weight,
6.0 kg) given a single 10-Gy whole-thorax dose of ionization radiation at 4 Gy/min using a 6
MV linear accelerator (Methods E1) and 3 sham-irradiated, saline-treated controls (median
age, 2.75 years; median weight, 3.6 kg). These animals were derived from prior studies of
whole-thorax irradiation!3 (Fig. E2). Our goal was to understand the intrinsic basis for
varying individual responses to the same dose of irradiation.

Animals were studied for 8 months to assess clinical, pathologic, imaging, and molecular
outcomes contributing to survival. Animals developing respiratory rates of >80 breaths per
minute (the clinical endpoint) were euthanized and categorized as nonsurvivors. Animals
surviving to the 35-week (8-month) experimental endpoint were categorized as survivors and
were euthanized at the end of the study. Clinical observations, bronchoalveolar lavage (BAL)
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cytology/fluid samples, and computed tomography (CT) scans were taken at baseline and
after irradiation at 2-month intervals throughout the study. After euthanasia, detailed
necropsies were immediately performed, and lung tissue was collected for histopathologic
and transcriptomic analysis. For transcriptomic analysis (RNA seq), 8 saline-treated
irradiated animals were compared with the 3 sham-irradiated, saline-treated controls.
Additional details are provided in the Methods E1, and a schematic of the experimental
design is shown in Figure E1A.

Study approval

The protocol was approved by the Wake Forest University Institutional Animal Care and
Use Committee. Wake Forest is accredited by the Association for Assessment and
Accreditation of Laboratory Animal Care International. All procedures in this study were
performed at Wake Forest University, in accordance with the Animal Welfare Act and other
applicable federal regulations. All animals were screened for measles, simian retrovirus,
filoviruses, simian immunodeficiency virus, simian-T-lymphotropic virus, and tuberculosis
and were quarantined under Centers for Disease Control and Prevention guidelines before
inclusion in the study. Supportive fluid therapy, analgesics (eg, ketoprofen), and
symptomatic care were given as needed, based on clinical pathology abnormalities and
clinical signs.

CT image analysis

CT scans were done before irradiation and every 2 months thereafter until the end of the
study using a Toshiba Acquilion 32 slice scanner with a voxel resolution of 0.5 x 0.6 25 x
0.625 mm. Two animals reached their predefined euthanasia endpoint before the first 2-
month CT scan; hence, 15 monkeys were used for CT analysis. We used Mimics Innovation
Suite software, version 21.0.0.406 (Materialise), to quantify the percentage of the lung
volume occupied by radio-opaque lung tissue and created a 3-dimensional reconstruction of
abnormally dense lung tissue along with surrounding healthy tissue, using a modification of
our previously published method?3 to determine the percentage change in abnormally dense
lung tissue by survival status, corrected for baseline. Additional details of CT procedures are
described in Methods E1.

Histopathologic assessment, histochemical staining, and immunohistochemistry

At necropsy, 6 lung regions were consistently sampled from each animal, consisting of
immediately adjacent fixed and frozen samples. Fixed samples were preserved in neutral 4%
paraformaldehyde, embedded in paraffin blocks, and sectioned at 4 gm. An automated
immunohistochemistry stainer, the Bond RX (Leica Biosystems, Buffalo Grove, IL), was
used to stain slides. Sections were stained with hematoxylin and eosin (H&E) and Masson
trichrome (MST), and immunohistochemistry staining was done for myofibroblasts (a-
smooth muscle actin [a-SMA], Abcam, catalog # ab5694); macrophages (CD163, Thermo
Scientific, catalog # MA1-82342; HAM56, MilliporeSigma, catalog # 279M-16); the M1
macrophage-specific transcription factor pSTAT1 (Cell Signaling Technology, Inc, catalog #
9167); the M2 macrophage-specific transcription factor CMAF-1 (Abcam, catalog #
ab199424); the cell cycle arrest marker p21 (Abcam, catalog # ab109520); an epithelial
marker (pancytokeratin, Dako/Agilent, catalog # M3515); and the type Il pneumocyte
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marker SPC (Abcam, catalog # ab90716). Other details and a list of immunohistochemical
markers are described in Methods E1 and Table E1.

Stained slides were scanned at 20 x magnification on an Olympus VS120 scanner. Slides
stained with H&E were used for histopathologic assessment of pneumonitis severity. The
histologic scoring criteria for pneumonitis are shown in Figure E4. Images of MST-stained
slides were analyzed using the Visiopharm Integrator System image analysis software,
version 6.5.0.2303 (Visiopharm, Horsholm, Denmark). The percentage of collagen area in
the section was determined as percent collagen = (blue area/total area) x 100. Quantification
details of fibrosis (MST), macrophage (HAM 56), M1 macrophages (CD163 + pSTAT 1),
and M2 macrophages (CD163 + CMAF-1) are described in the Methods E1.

Cytokine analysis

Plasma and BAL supernatant samples from irradiated monkeys were assessed for 29
cytokines using the Monkey Cytokine Magnetic 29-Plex Panel (LPC0005M, Thermo
Fisher); for TGF-B1, TGF-£2, and TGF-£3 using the U-PLEX TGF-S Combo NHP kit
(catalog # K15243K, Meso Scale Diagnostics LLC) and Meso QuickPlex SQ120 (Meso
Scale Diagnostics LLC); and for SERPINAS3 using the Monkey Alphal Antichymotrypsin
ELISA Kit (MBS7209859, MyBioSource) according to the manufacturers’ instructions
(additional details are provided in Methods E1).

RNA sequencing

Snap-frozen lung samples (immediately adjacent to the fixed samples) were selected from 3
lung regions from 8 irradiated animals and 2 regions from 3 control animals for RNA
extraction and sequencing. Sequencing was done using an Illumina NextSeq 500 NGS
(IMlumina, San Diego, CA). Further details of RNA extraction, sequencing methods, and data
analysis are described in Methods E1. Significant differentially expressed genes (DEGS)
were conservatively defined as log2 fold change ratios = +1 and £ < .05 after adjustment for
false discovery (Benjamini-Hochberg). The NHP lung RNA-Seq data have been deposited in
the Gene Expression Omnibus (GEO) Database at the National Center for Biotechnology
Information (NCBI) under the accession number GSE174196.

Statistical analysis

All data were plotted, and descriptive analysis was done to assess normality and skew using
GraphPad Prism 8. Statistical significance was determined using paired or unpaired Student
ttests or Mann-Whitney U'tests depending on sample distribution. For grouped or
multivariate analysis, 1-way or 2-way analysis of variance or mixed-effects model (restricted
or residual maximum likelihood) matching tests were done, followed by posttests (Tukey
test or Wilcoxon signed rank test). The strength of correlations was determined by the
Pearson test. For all experiments, a P value <.05 was considered statistically significant.
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The cumulative mortality rate at the study’s end was 52.9% (9 of 17). Nonsurvivors reached
a predefined euthanasia endpoint, defined as having a respiratory rate of >80 respirations per
minute, and were euthanized between 1.5 months (7.4 weeks) and 6 months (24.8 weeks)
after irradiation (Fig. E1B-E1D).

CT imaging reveals greater lung injury in nonsurvivors relative to survivors

Increased CT density was a feature of RILI in both survivors and nonsurvivors. Figures 1A
and 1B show CT images of a representative nonsurvivor and a survivor during the course of
the study. Figures 1C and 1D show 3-dimensional reconstructions of abnormally dense
radio-opaque lung tissue (gold) and surrounding normal lung tissue (blue) from the same 2
animals. The distribution of the lesions was patchy, and surprisingly, the location of
opacities changed over time. The percentage of injured lung volume increased significantly
in both nonsurvivors (Fig. 1E) and survivors (Fig. 1F) after irradiation, relative to baseline.
However, the percentage of injured lung volume was significantly greater in nonsurvivors
relative to survivors by 4 months after irradiation (Fig. 1G). There was a significant positive
correlation between respiratory rates and the percentage of injured lung volume on CT
scans, primarily driven by nonsurvivors (Fig. E3A and E3B).

Histopathologic evaluation shows more severe pneumonitis in nonsurvivors

The average histologic pneumonitis score of each animal is shown in Figure 2A, where each
bar represents 1 animal and dots represent 6 different regions of the lung. Monkeys at their
clinical endpoints (nonsurvivors) developed moderate to severe pneumonitis. Animals
euthanized at their experimental endpoints (survivors) had only minimal to mild pneumonitis
by the study’s end (P < .05). Figures 2C to 2E show images of H&E-stained sections
representative of a control nonirradiated lung, a nonsurvivor’s lung with a typical histologic
pattern of RP, and a survivor’s lung, respectively. A significant positive correlation was
observed between lung weights and pneumonitis scores (Fig. 2F), indicating the influence of
pneumonitis on increased lung weights. HAM56 staining revealed a greater lung area
occupied by macrophages at early clinical endpoints (nonsurvivors) relative to later
endpoints (survivors) (Fig. 2G-2J). Together, these observations show that nonsurvivors
developed significant pneumonitis predominated by macrophages, which was either not
present or waned over time in survivors.

We observed a positive and significant correlation between the abnormally radiodense lung
volume (quantified on the last CT scans corresponding to their endpoints) and the
histopathologic pneumonitis scores in nonsurvivors (Fig. E3C). This correlation was not
significant for survivors (Fig. E3D). These findings indicate that the inflammatory infiltrate
was the major contributor to abnormally radiodense lung volume in nonsurvivors.

Irradiation induced significant fibrosis

Masson trichrome staining identified areas of collagen accumulation and fibrosis as early as
7.4 weeks after irradiation (Fig. 3A). Fibrosis was significantly greater in irradiated animals
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relative to nonirradiated controls (Fig. 3B) but did not differ between survivors and
nonsurvivors. Representative MST-stained lung sections are shown in Figures 3C and 3D
and Figure E5B.

M2-like macrophages predominate in irradiated lungs

Inflammatory M1-like macrophages coexpressing CD163 and PSTAT1 were only
significantly elevated in nonsurvivors (P < .05) (Fig. 3E). M2-like (profibrotic) macrophages
coexpressing CD163 and CMAF were significantly higher in both irradiated groups (P
=.0021) and more abundant in nonsurvivors relative to both controls and survivors (both P
=.001) (Fig. 3F). A representative lung section from a nonsurvivor (13 weeks after
irradiation) shows lung macrophages (CD163) negative for the M1-specific transcription
factor (PSTAT1) (Fig. 3G), whereas macrophages in the corresponding serial section were
positive for the M2-specific transcription factor (CMAF) (Fig. 3H).

Transcriptional profiling of lung tissues in survivors, honsurvivors, and controls

Unsupervised principal-components analysis of RNA seq clustering data revealed 3 different
gene expression patterns in controls, nonsurvivors, and survivors (Fig. 4A). A total of 2644
genes were differentially expressed (upregulated or downregulated) in nonsurvivors versus
controls and 680 genes in survivors versus controls. Significant DEGs were conservatively
defined as log, fold change ratios = + 1 and P < .05 after adjustment for false discovery. Of
the 2644 DEGs of nonsurvivors, 2202 differed from controls only in nonsurvivors, and 238
of 680 DEGs differed from controls only in survivors. A total of 422 DEGs were shared
between nonsurvivors and survivors (Fig. 4B). Ingenuity pathway analysis (IPA) of
nonsurvivor-specific DEGs (2202) revealed hepatic fibrosis as the top canonical pathway,
with TGF-g as the main upstream regulator (Fig. 4B and 4C); the top upregulated transcripts
included MMP3, DCSTAME, GH1, PLA2G2D, and EREG, and the most downregulated
transcripts included SLC6A4, MS4A15, SECI14LC3, SCGB3A1, and AWATZ (Fig. 4D).
Pathways related to cell division and cell cycle were prominent in IPA analysis of survivor-
specific DEGs (238). Their top upregulated transcripts were ALB, ANKRD7, SPINK,
HCN4, and FAIMZ, and downregulated transcripts involved KCN5, BRINP1, ESSRG,
NUFZ, and RACGAPI (Fig. 4E).

A unique subset of 101 genes out of 422 DEGs shared between survivors and nonsurvivors
(Fig. 5A) showed significant differential expression in all 3 groups (control, survivors, and
nonsurvivors). These 101 genes differentially affected nonsurvivors, survivors, and controls
and were used to identify common target molecules and mechanisms underlying RILI
leading to fibrosis. IPA analysis of these 101 DEGs reflected functions associated with
cancer, organismal injury, cellular movements, immune cell trafficking, and inflammatory
responses (Fig. E6A). The top upregulated genes among the 101 DEGs included
SERPINA3, ATP12ZA, LRRN4, GJBZ, and CLDN10, and the most downregulated genes
were PNMT, TOX3, FAM107A, RXRG, and LPA (Fig. 5B and 5C). Angiotensinogen,
ILAL, IL1B, and TGF-£1 were major upstream regulators (Fig. 5D). Associated target
transcripts of TGF-S1 upstream regulators (SERPINAS3, GJBZ, CCLZ, CCL11, and
CDKN1A/p21) revealed by IPA are shown in Figure E6B and Table E2.
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Cytokine analysis revealed significantly increased levels of CCL2 and CCL11 in plasma at
2.3, 3.4, and 4.3 weeks and at necropsy (Fig. 6A and 6B) and a significant increase in TGF-
BL in plasma at necropsy in the irradiated group relative to baseline (Fig. 6C). Cytokines
CCL2 and CCL11 were most relevant to transcriptomic analysis and were most significantly
elevated among the other 29 measured cytokines (Table E4). We also observed increased
levels of SERPINA3 protein in BAL fluid at 9.4 weeks after irradiation (Fig. 6D) and
increased TGF-pL1 relative to baseline (Fig. 6E). Analysis of BAL cells revealed a significant
increase in eosinophil percentage at 9.4 weeks after irradiation relative to baseline,
irrespective of survival status (Fig. E7B).

Cell cycle arrest in a variety of lung cells, including alveolar type Il pneumocytes

In this study, irradiation induced significant fibrosis and TGF-g expression. Ingenuity
pathway analysis of the 101 DEGs also revealed CDKN1A/p21 among the top upregulated
target molecules of TGF-g (Fig. 5D and Fig. E6B). We observed abundant COKN1A/p21
staining in epithelial and alveolar type 2 (SPC) cells in nonsurvivors and survivors in
comparison with nonirradiated controls (Fig. 6F and 6G), indicating cell cycle inhibition.
Alpha smooth muscle actin (a-SMA) staining was also identified in irradiated animals in
contrast to controls, indicating a profibrotic myofibroblast phenotype (Fig. 6H).

Discussion

In this study, we provide, to our knowledge, the first long-term in vivo characterization of
RILI in the NHP model in conjunction with quantitative CT analysis. Our findings are
consistent with prior work.2 In addition, we assessed gene-expression patterns in lung tissue
at the RNA level and confirmed the protein expression of target molecules in
bronchoalveolar lavage and plasma samples to expand our understanding of the time course
of disease in RILI. We observed a 52.9% cumulative mortality rate at the experimental
endpoint, which is similar to a previous report of 62.5% in an established whole-thorax lung
irradiation NHP model.2 Nonsurvivors developed more severe pneumonitis, as evidenced by
increased CT opacities and higher respiratory rates, and the degree of injury revealed by CT
imaging corresponded to histopathologic pneumonitis scoring. Previous studies in humans
have suggested that after radiation therapy, severe RP is symptomatic and often includes
dyspnea and coughing with or without mild fever and chest discomfort.14 Our data show that
even survivors with no elevated respiratory rates (Fig. ELC and E1D) have CT evidence of
lung injury (Fig. 1F).

Histologic data showed severe pneumonitis predominated by macrophage infiltration in the
animals euthanized at their clinical endpoints (nonsurvivors, 7-24 weeks) relative to animals
euthanized at a later experimental endpoint (survivors, 35 weeks). Both survivors and
nonsurvivors, however, developed significant fibrosis relative to controls (Fig. 3B). Similar
histologic evidence of increased fibrosis has been reported in other NHP model studies.? The
mild pneumonitis accompanied by significant fibrosis in survivors at their experimental
endpoints was likely due to persistent injury,1® and their CT scans showed evidence of
pneumonitis in the same time frame as nonsurvivors. Similarly, in human patients, the
establishment of a fibrotic phase from pneumonitis using CT scans has been reported
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between 9 months and 2 years after the completion of radiation therapy.1# In our study, the
predominance of M2-like macrophages in both survivors and nonsurvivors could be an
important contributor to activation of TGF-g pathways, along with other stressed cell types
expressing p21.16

Our RNA sequencing data highlight non—survival-specific, survival-specific, and common
gene signatures that differed via survival status. Observed upregulation of MMP3in 2202
nonsurvivor-specific genes has also been reported in idiopathic pulmonary fibrosis (IPF) and
in bleomycin-induced lung fibrosis, suggesting a role in extracellular matrix remodeling and
EMT in RILI. Increased serum levels of MMP3are associated with shortened survival time
in patients with IPF.17 Another upregulated gene, DCSTAMP (dendritic cells-specific
transmembrane protein), has been previously shown to promote macrophage infiltration and
fusion through the CCL2 chemotaxis.® We also observed increased expression of epiregulin
in nonsurvivors. Epiregulin belongs to the epidermal growth factor family and has an
important role in inflammation, wound healing, tissue repair, and cell-growth regulation in
acute lung injury.1%20 Our results showed downregulation of solute carrier family 6 member
4 (SLC6A4) in nonsurvivors’ lungs. This gene encodes for serotonin neurotransmitter
transporter, also known as 5HTT7/SERT, which has an important role in the uptake of
extracellular 5-HT. Changes in serotonin levels have been observed in various pulmonary
disorders, including pulmonary edema and fibrosis.21:22 These gene-expression patterns in
nonsurvivors indicate striking ongoing inflammatory and profibrotic processes leading to
increased mortality. Several DEGs specific to survivors (SPINKI, FAIMZ2, KCNH5, NUF2,
and RACGAP]I) highlighted processes related to cell-cycle regulation, growth, proliferation,
invasion, and migration, indicating a more repair-oriented response to the same radiation
insult.

Among the 101 common DEGs, SERP/NA3was the top upregulated transcript both in
nonsurvivors and survivors (Fig. 5B and 5C), and we observed elevated levels of SERPINA3
in the BAL fluid of the irradiated group at 9.4 weeks after irradiation, relative to baseline
(Fig. 6D), which could be an early indicator for extracellular matrix remodeling. Hence,
SERPINAS is a potential biomarker of extracellular matrix remodeling locally (BAL) in
irradiated lungs. Our findings are in line with previous studies showing that SERPINA3 is a
biomarker of extracellular matrix remodeling in various diseases,?3 including idiopathic
pulmonary fibrosis.24 SERPINA3 is also a urinary biomarker of acute renal injury in the
chronic progression of renal fibrosis.2> The second most upregulated gene was ATPI2A
(ATPase H+/K+ transporting nongastric alpha 2 subunit), whose upregulation is associated
with cystic fibrosis.26 Other upregulated genes included LRRN4 (leucine rich repeat
neuronal 4), GJBZIConnexin 26 (gap junction protein beta 2), and CLDON10 (claudin-10);
their increased expression has been observed in acute, chronic lung injury and in EMT.27-30
Key genes among downregulated genes were 70X3and LPA (lipoprotein A).
Downregulation of the 7OX3gene is associated with increased EMT.3! Although LPA is an
independent risk factor for cardiovascular disease, its plasma levels have been shown to be
reduced in patients affected by chronic obstructive pulmonary disease compared with
healthy individuals.32
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Our IPA analysis of 101 DEGs also indicated angiotensinogen and TGF- as key upstream
regulators. Dysregulation of renin angiotensin system (RAS) in RILI is well known, and a
number of investigations have studied various drugs that target RAS.33 Our observation that
TGF-Bwas a key factor in RILI provides further evidence that TGF-£ signaling has an
important role in the early and late phases of RILI. We validated the corresponding protein
expression in BAL fluid, plasma, and tissues collected at necropsy. Most of the
aforementioned genes described in nonsurvivors (2202) and survivors (238) and the unique
set of 101 common DEGs have been implicated in general lung injury, inflammation, EMT,
and fibrotic processes such as IPF, bleomycin-induced fibrosis, and renal fibrosis. Their
dysregulation in irradiated lungs indicates their likely role as therapeutic targets and
biomarkers of early and late RILI.

Previous studies have reported that TGF-A1 induces the expression of CCL11 (eotaxinl) in
human airway fibroblasts,34 and eotaxin 1 promotes the recruitment of eosinophils and
subsequent development of fibrosis in bleomycin-induced pulmonary injury.3> We observed
elevated plasma protein levels of CCL11 (Fig. 6B) and an increased percentage of
eosinophils in BAL cytospins (Fig. E7B). Similarly, human studies have reported increased
eosinophils in blood and BAL fluid after radiation therapy.36:37 Radiation may produce
eosinophilic pneumonitis in the early proliferative and fibrogenesis phase of RILI, and
cytokines such as TGF-/%8 and TNF-a3? are chemotactic for eosinophils.

Stress signals induced by TGF-g can cause cell-cycle arrest by stabilizing p21 in a Smad-
dependent?%41 or Smadindependent#243 manner. Our observation of positive
immunostaining for COKN1A/p21 in multiple cell types, including epithelial cells (Fig.
6F-6H), is consistent with the finding of a heterogeneous cell population of senescent cells
in radiation-injured lungs in mice.#4 Cell-cycle arrest due to sustained injury may contribute
to the progression of fibrosis via releasing profibrotic cytokines from senescent cells, which
is a feature of the cellular senescence in RILI.16:45.46 TGF-g has an important role in the
transformation of various cell types (resident fibroblasts, circulating fibrocytes, EMT, and
endothelial EMT) to myofibroblasts, which are associated with excessive extracellular
matrix deposition and fibrosis. We believe this was the case in our study, as supported by
positive a-SMA staining and fibrosis data.

Significant differences exist between this experimental model of RILI in rhesus monkeys
and RILI in humans. In particular, we used a single dose (10 Gy) of irradiation to the whole
thorax, whereas in humans, only a targeted volume of lung is exposed and doses are usually
fractionated. However, the 10-Gy dose used in this study was higher than the single large
estimated dose of 9.3 Gy in a human retrospective study that caused RP in approximately
50% of patients.147 The overall objective of the current study was to understand individual
differences in the course of RILI and to find new molecular targets in animals exposed to a
single high thoracic dose of ionization radiation, which mimics the scenario of accidental
nonuniform or partial-body exposure to irradiation.” However, this information can be
applied to a clinical situation such as single-fraction stereotactic body radiation therapy (SF-
SBRT), in which a single high dose is prescribed to target a tumor. Although SF-SBRT is
highly focused, there is some likelihood of developing lung toxicity in the surrounding
tissue. However, because this is a relatively new field, literature regarding SF-SBRT safety
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and efficacy is rare. In a clinical trial, the incidence of RP after a single dose of 10 Gy and a
fractionated total dose of 12 Gy (total-body irradiation) was comparable.#84° Clinical
studies of RILI are hampered by comorbidities such as COVID-19 and concurrent
chemotherapy. Studies in NHP whole-thorax lung irradiation models offer an opportunity to
explore possible translatable biomarkers and molecular targets in the absence of such
confounders.

This study did not address the effects of sex or age on RILI. Female C57BL/6 mice are
marginally more sensitive to RILI than males.? Human and NHP studies have not shown an
influence of sex in radioresponsiveness, but data are limited.51:52 Human studies show that
older patients are at greater risk of developing RILI after irradiation.?? In this study, the
median age of NHP nonsurvivors was 3.76 years at irradiation, whereas the median age of
survivors was 5.7 years at irradiation; both of these are “adolescent” ages in rhesus monkeys,
which have a typical lifespan of 30 to 35 years. The median body weight of nonsurvivors
(5.95 kg) and survivors (7.17 kg) at irradiation was not significantly different. The age and
body-weight distribution of studied animals is shown in Table E3. Future studies with more
advanced-aged animals will likely show an effect of age.

In addition to the lung, the radiation field in this study included the distal trachea,
esophagus, thymus, heart, and other adjacent tissues, including the superior portion of the
liver and stomach. However, histologic examination of the trachea, esophagus, thymus, and
liver in field and out of field did not show any evidence of cellular injury, inflammation, or
fibrosis aside from thymic degeneration in animals dying early (data not shown). The co-
irradiation of lung and heart can cause cardiac and pulmonary injury via different
mechanisms. In general, the heart is less sensitive to doses <15 Gy as compared to the lungs
soon after irradiation.>3 Hence, the 10-Gy dose likely did not cause major heart toxicity in
short-term experimentation. However, short- and long-term effects of radiation on the heart
cannot be disregarded and require further investigation. Postirradiation changes in heart
pathology and heart function are part of an ongoing separate study.

A possible confounder in this study was the inclusion of animals treated with superoxide
dismutase (SOD) mimetic drugs. We did not see any effect of SOD mimetic treatment on
study outcomes; however, the possibility of an effect at the molecular level cannot be ruled
out. Therefore, for RNA expression studies, we used only irradiated and unirradiated
animals that were not treated with drugs. We believe these data provide useful and new
insights to the understanding of RILI.

Conclusion

Our data enhance understanding of RILI in nonsurvivors and survivors in an NHP model and
support the role of TGF-g activation and macrophage polarization in RILI. RNA sequencing
highlights the role of SERPINA3, ATP12A, GJBZ, CLDN10, TOX3, and LFA as possible
biomarkers and potential therapeutic targets of RILI. Their differential expression in
nonsurvivors and survivors correlated with the severity of the disease. The observed
upregulation of TGF-A1 is consistent with prior reports in showing the increased expression
of TGF-B1’s associated target transcripts (SERPINA3, CCL11, CCL2, p21) at the mRNA
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and protein level, indicating not only the role of active TGF-g signaling but also the role of
these molecules in the early proliferative phase of RP (nonsurvivors) and the late phase of
fibrogenesis and remodeling (survivors).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Postirradiation lung injury assessment using computed tomography. Computed tomography
images (axial and coronal view) of a representative nonsurvivor (A) and survivor (B) at
baseline and at the interval of 2 months until the clinical endpoint (4 months) or
experimental endpoint (8 months). (C, D) Three-dimensional reconstruction of lung injury
(gold) of the same representative nonsurvivor and survivor using Mimics software. (E)
Percentage of injured lung volume of nonsurvivors at 2 months (n = 7) and 4 months (n = 3)
relative to baseline. Results are expressed as the median and statistical significance was
determined by the Wilcoxon signed rank test. (F) Percentage of injured lung volume of
survivors at 2, 4, 6, and 8 months (n = 8) relative to baseline. Results are expressed as the
median and statistical significance was determined by the Friedman test with a Dunn
multiple comparison posttest. (G) Cumulative injured lung volume in survivors and
nonsurvivors at 4 months. Results are expressed as the median. Statistical significance was
determined by the Mann-Whitney test. For all data, *P < .05, **£< .01, and ***P < .001.
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Fig. 2.
More severe pneumonitis dominated by macrophages in nonsurvivors relative to survivors at

necropsy. (A) Pneumonitis scores of individual nonsurvivors (blue dots) and survivors (red
dots). Dots represent 6 different lung regions in each animal. (B) Statistically significant
differences in pneumonitis scores between nonsurvivors (n = 9) and survivors (n = 8). (C) A
hematoxylin-and-eosin—stained photomicrograph of a control nonirradiated lung, (D) a
representative nonsurvivor, and (E) a representative survivor showing infiltration of immune
cells (arrow) and edema fluid (arrowhead) within the alveolar lumina. (F) A positive
correlation between adjusted lung weights and pneumonitis scores of all irradiated animals.
(G) M acrophage staining (HAMD56, red stain) of individual nonsurvivors (blue dots) and
survivors (red dots). The dots for each animal represent 6 different lung regions. (H)
Macrophage staining (percentage of area stained) between nonsurvivors (n = 9) and
survivors (n = 8). Results are expressed as the mean + SD, and statistical significance was
determined by an unpaired ftest. For all data, *P< .05, **P< .01, and ***P < .001. (1, J)
Representative images of a 13-week postirradiation nonsurvivor and a survivor, respectively,
stained with the macrophage marker, HAM56, on the lung obtained at necropsy. Scale bars
are 50 um.
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Fig. 3.
Quantitative assessment of the fibrosis and profibrotic macrophage (M2) phenotype in

irradiated lungs. (A) Quantification of fibrosis as a percentage of area stained using Masson
trichrome staining in individual controls (black bars), nonsurvivors (blue bars), and survivors
(red bars). Six dots for each animal represent 6 different lung regions. (B) Average fibrotic
area expressed as the mean +SD between controls (n = 3), nonsurvivors (n = 9), and
survivors (n = 9). Statistical significance was determined by 1-way analysis of variance with
a Tukey multiple comparisons posttest. (C, D) Representative images of a postirradiation
nonsurvivor and a survivor stained with Masson trichrome stain. Scale bars are 50 ym. (E, F)
Quantification of M1-like (CD163 + PSTAT1) and M2-like (CD163 + CMAF) macrophages
performed on serial lung sections of nonirradiated controls (n = 3) and irradiated monkeys
(nonsurvivors, n = 9; survivors, n = 8) obtained at necropsy. Results for the percentage of
M1 macrophages are expressed as medians + interquartile ranges (IQRs); statistical
significance was determined by the Mann-Whitney test. For M2, results are expressed as
means * SDs; statistical significance was determined by unpaired #tests. (G) Double
immunostaining for macrophage marker CD163 (red) and M1-specific transcription factor
PSTATL1 (brown) in a lung section 13 weeks after irradiation. (H) Double immunostaining
for macrophage marker CD163 (red) and M2 specific transcription factor CMAF (brown) in
a representative nonsurvivor postirradiated serial section of the same lung. For all data, *~
<.05, **P< .01, and ***P < .001. Scale bars are 50 gm.
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Specific lung transcriptomic analysis (RNA sequencing) in survivors and nonsurvivors. (A)
Unsupervised principal component analysis of primate lung RNA sequencing data shows
clear clustering into controls, nonsurvivors, and survivors (blue = controls, red =
nonsurvivors, and yellow = survivors). (B) Venn diagram of differentially expressed
transcripts by group comparisons. Values indicate the number of transcripts with significant
differential expression (P < .05) across that contrast: nonsurvivors versus controls (2644);
survivors versus controls (680); nonsurvivor-specific (2202), survivor-specific (238), and
shared transcripts (422); along with canonical pathways elicited by nonsurvivor- and

survivor-specific differentially expressed genes (DEGS) using ingenuity pathway analysis.

(C) Upstream regulators (using Ingenuity Pathway Analysis) of nonsurvivor- and survivor-
specific DEGs are illustrated by the Venn diagram. (D, E) Hierarchical clustering combined
with a heat map of nonsurvivor- and survivor-specific DEGs shows clear differentiation

between groups, listed with their top 5 upregulated and downregulated
Significant differentially expressed genes (DEGs) were conservatively

transcripts.
defined as log, fold

change ratios =+1 and P values <.05 after adjustment for false discovery.
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genes. (A) A Venn diagram of differentially expressed transcripts by group comparisons
highlights 101 DEGs, a unique subset of shared genes. (B) A hierarchical clustering heat
map shows clear differentiation between controls, nonsurvivors, and survivors, listed with
their top 5 upregulated and downregulated transcripts. (C) Dot plots of the top 5 upregulated
and downregulated genes, showing differing patterns by outcome. (D) Upstream regulators
(using Ingenuity Pathway Analysis) and top target transcripts. Significant DEGs were
conservatively defined as log, fold change ratios =+1 and P values <.05 after adjustment for
false discovery.
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Fig. 6.

Pr%tein expression of TGF-p1 and its associated transcripts. (A, B) Mean plasma values of
CCL2 and CCL11 measured at 2.3 weeks (n = 17), 3.4 weeks (n = 17), 4.3 weeks (n = 16,
n=17), and at necropsy (n = 17) after irradiation relative to baseline (n = 17). Results are
expressed as means + SDs, and statistical significance was determined by mixed-effects
analysis, RM (repeated measures) 1-way analysis of variance, and Tukey multiple-
comparison posttests. (C) TGF-AL levels measured in plasma at necropsy (n = 17) relative to
baseline (n = 17). Results are expressed as medians + interquartile ranges (IQRs), and the
Wilcoxon matched-pairs signed rank test was used for statistical significance. (D) Mean
SERPINAS levels detected via enzyme-linked immunosorbent assay in bronchoalveolar
lavage (BAL) fluid (n = 15) collected at 3.6 weeks, 9.4 weeks, and 12.1 weeks (n = 2) after
irradiation, relative to baseline. Results are expressed as means + SDs, and statistical
significance was determined by ftests. (E) TGF-BL1 levels assessed on BAL fluid collected at
3.6 weeks (n = 16) and 9.4 weeks (n = 15) after irradiation, relative to baseline (n = 16).
Results are expressed as medians + IQRs, and the Wilcoxon matched-pairs signed rank test
was used for statistical significance. (F) Upper panel, double staining (arrow) for epithelial
marker, cyto-keratin (cytoplasmic), and cell cycle arrest marker p21 (nuclear). (G) Middle
panel, double staining (arrow) for alveolar type 1l pneumocyte marker SPC (cytoplasmic)
and p21 (nuclear). (H) Lower panel, smooth-muscle actin a-SMA (cytoplasmic, arrow) and
p21 (nuclear) using representative lung sections of a control, nonsurvivor, and survivor.
Scale bars are 50 ym.
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