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Purpose: Stereotactic body radiation therapy is a therapeutic option offered to high surgical risk patients with lung cancer.
Focal lung irradiation in mice is a new preclinical model to help understand the development of lung damage in this context.
Here we developed a mouse model of lung stereotactic therapy using arc delivery and monitored the development of lung
damage while varying the beam size and dose delivered.

Methods and Materials: C57BL/6JRj mice were exposed to 90 Gy focal irradiation on the left lung using 1-mm diameter,
3 x3 mmz, 7 x7 mmz, or 10 x 10 mm? beam collimation for beam size effect and using 3 x 3 mm? beam collimation
delivering 20 to 120 Gy for dose effect. Long-term lung damage was monitored with micro—computed tomography imaging
with anatomopathologic and gene expression measurements in the injured patch and the ipsilateral and contralateral lungs.
Results: Both 1-mm diameter and 3 x 3 mm? beam collimation allow long-term studies, but only 3-mm beam collimation
generates lung fibrosis when delivering 90 Gy. Dose-effect studies with constant 3-mm beam collimation revealed a dose of
60 Gy as the minimum to obtain lung fibrosis 6 months postexposure. Lung fibrosis development was associated with club
cell depletion and increased type II pneumocyte numbers. Lung injury developed with ipsilateral and contralateral
consequences such as parenchymal thickening and gene expression modifications.

Conclusions: Arc therapy allows long-term studies and dose escalation without lethality. In our dose-delivery conditions,
dose-effect studies revealed that 3 x 3 mm? beam collimation to a minimum single dose of 60 Gy enables preclinical models
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for the assessment of lung injury within a 6-month period. This model of lung tissue fibrosis in a time length compatible with
mouse life span may offer good prospects for future mechanistic studies. © 2020 The Author(s). Published by Elsevier Inc.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

The lung is a good candidate for stereotactic body radiation
therapy (SBRT) because of its organization in parallel,
which enables ablative dose delivery on small volumes.'
However, SBRT for bronchopulmonary tumors may
generate lung toxicity such as radiation pneumonitis or
radiation-induced lung fibrosis.” Changing fractionation
protocols is not trivial, and history has forced radiation
oncologists to face up to dramatic late normal tissue
damage when using hypofractionation, even moderate
hypofractionation, especially with schemes including large
volumes or critical organs.”® Incrementing fraction size
exposes late-responding tissues, characterized by a low o/f
ratio, to increased damage."’ This may expose patients to
unexpected late aftereffects. During the past 2 decades, the
ballistic accuracy of novel radiation therapy machines has
allowed the return of extreme hypofractionation schemes in
a safer context. However, despite the sharp reduction in the
volume of exposed healthy tissues, side effects persist.” "

Until now, a technological block has prevented preclin-
ical modeling of SBRT in small animals. This was over-
come about 10 years ago, thus allowing the use of high
single or even fractionated doses of radiation exposure in
very small volumes of mouse lung. Published data in this
context demonstrated dose and volume dependency of
radiation-induced lung fibrosis.”'' The most published
model involves the use of 3-mm collimation administering
a single dose of 90 Gy, thus generating radiation fibrosis in
4 Weeks,lz'm but beam collimations from 1 to 5 mm
(square or circular fields) and single doses from 10 to 100
Gy have been reported.'""'® Although the development of
such models is too recent to offer an idea of a possible
specificity in the lung tissue response to small-volume
exposure, several studies have highlighted the importance
of reduced exposed lung volumes compared with large-
volume models. For example, Hong et al'® demonstrated
the lack of difference between fibrosis-prone (C57) and
-resistant mice (C3H) in SBRT preclinical models as
opposed to large-volume models,' ' suggesting different
pathophysiological processes in the development of
radiation-induced lung fibrosis. Volume dependency in the
patterns of serum cytokine changes was also demonstrated
after 90-Gy, single-dose exposure using 2- or 3.5-mm beam
collimations.'” Finally, comparing 20-Gy wide field (7-mm
beam collimation) and 90-Gy small field (3-mm beam
collimation), Jin et al'’ identified candidate genes and
proteins specifically associated with lung radiation expo-
sure in the SBRT configuration, reinforcing the need to

build accurate models to understand the specificity of
SBRT.

The use of arc delivery has been shown to avoid severe
skin damage associated with single-beam high-dose delivery
and to prolong study duration.”” Our objective in the present
study was to use arc therapy dose delivery to focally irradiate
the mouse left lung while varying beam collimation size and
to realize a dose-response study at constant collimation. The
final purpose was to obtain lung fibrosis in a length of time
compatible with mouse life span. We show that exposure to
90 Gy using 3 x 3 mm” beam collimation allowed the
development of an injury patch evolving through tissue
scarring and consolidation until 12 months postexposure
without lethality. Dose-response study revealed that with this
size of field and in our conditions, a dose of 60 Gy must be
prescribed to guarantee lung tissue fibrosis within 6 months.
Lung tissue reaction was associated with club cell depletion
and increased type II pneumocyte numbers, as well as ipsi-
lateral and contralateral repercussions such as parenchymal
thickening and gene expression modifications.

Methods and Materials
Animals and irradiation procedure

Male C57BL/6JRj mice from Janvier Labs (Le Genest-
Saint-Isle, France) were used for all experiments. Animals
were 10 to 12 weeks old at the beginning of the experi-
ments. Animals were housed in the IRSN animal facilities
accredited by the French Ministry or Agriculture for per-
forming experiments on rodents. Animal experiments were
performed in compliance with French and European regu-
lations on the protection of animals used for scientific
purposes (EC Directive 2010/63/EU and French Decree
2013-118). All experiments were approved by the Ethics
Committee 81 and authorized by the French Ministry of
Research under the reference APAFIS 13021-
2018011217442982 v1 (internal project number P17-13).
Focal irradiation was performed on the Small Animal
Radiation Research Platform (Xstrahl) using arc therapy as
already described.?’ For irradiation, mice were anesthetized
with 100 mg/kg ketamine (Imalgene 1000, Merial, Lyon,
France) and 10 mg/kg xylazine (Rompun 2%, Bayer
Healthcare, Loos, France) to create profound anesthesia and
limit as far as possible respiratory motion. Anesthetized mice
were immobilized on the treatment bed, and the isocenter was
placed on the left lung on the cone beam computed tomog-
raphy (CT) image using the treatment planning system
Muriplan. Cone beam CT images were obtained using an
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uncollimated beam (20 x 20 cm), a voltage of 60 kV, and an
intensity of 0.8 mA, with an inherent and additional filtration
of 0.8 and 1 mm of beryllium and aluminum, respectively,
with continuous beam on and 360° (horizontal) stage rotation
between the x-ray source and the digital flat panel detector. A
total of 236 projections were obtained, and a 3-dimensional
reconstruction image of the mouse was transferred to the
dose-planning, verification, and delivery Muriplan system.
The treatment planning system was calibrated by Xstrahl.
After image segmentation into air, lung, fat, tissue, and bone,
we then placed the isocenter within the left lung. Irradiations
were performed at 220 kV and 13 mA with inherent and
additional filtrations of about 0.8 and 0.15 mm of beryllium
and copper, respectively. The half value layer is about 0.667
mm of copper, and the resulting energy spectrum has an
effective energy of 69 keV. For collimation-effect studies, the
left lung was exposed to a 90-Gy single dose using 4 different
collimators: 1-mm diameter, 3 x 3 mm2, Tx7 mmz, and 10 x
10 mm?. For reasons of convenience, these collimators will be
called 1, 3, 7 and 10 mm, respectively. The 7-mm collimator
was not provided by Xstrahl in our standard configuration of
the Small Animal Radiation Research Platform; to irradiate
the entire left lung, but avoid the right lung as much as
possible, we designed a homemade 7 x 7 mm? collimator.
This collimator and validation of the experimental dosimetry
are described in Methods and Materials E1.

For collimation effect, lung tissue was harvested 1, 3, 6,
and 12 months after radiation exposure. For dose-effect
studies, mice were irradiated using 3-mm collimation at
single doses of 20, 40, 60, 80, 100, and 120 Gy. Lung tissue
was harvested at 1 and 6 months postexposure. To avoid
variations in the structural/cellular constitution of different
areas of the lung, control/unirradiated mice were included
for lung imaging and histologic analyses, and measure-
ments were performed in matched areas between irradiated
and nonirradiated mice.

Micro-CT imaging

Mice were anesthetized by inhalation of 1.5% isoflurane.
Mouse lung imaging was performed using a micro-CT
scanner (Quantum FX, PerkinElmer) with respiratory
gating. The images were acquired at 90 kV, 160 HA, with
no additional filtration and with a field of view of about
20 x 20 x 20 mm for a resolution of 40 wm. The estimated
shooting time was about 4 minutes and 30 seconds, and
512 slices were acquired. The mean dose absorbed by the
mice was about 1653 mGy. Images were analyzed with
AnalyzePro software, which allows semiautomatic and
manual segmentation. The main bronchi and right and left
lungs were segmented using the semiautomatic option with
the same threshold range to enable comparison. Lesions
induced by irradiation, the injury patch, were manually
contoured by the same operator. From these segmentations,
volumes were computed; for each volume, Hounsfield
unit (HU) histograms were extracted using a bin width of

1 HU. For density distribution representation, smoothing
curves were constructed using PRISM software applying
second-order smoothing with 60 neighbors.

Lung tissue treatment

For histology, right and left lungs were removed, fixed in 4%
paraformaldehyde, and embedded in paraffin. Five-
micrometer paraffin tissue sections were used for
hematoxylin-eosin-saffron (HES) and Masson trichrome
staining and for immunohistological studies. For mRNA
preparation, lung tissues (injury patch, ipsilateral lung, and
contralateral lung) were frozen in RNAlater RNA Stabiliza-
tion Reagent (Qiagen, Valencia, CA) until analysis. The left
lung was cut to separate the patch area from the ipsilateral
lung, always using the same scheme, thus standardizing tissue
harvesting for conditions in which the patch was not visible.

HES- and Masson trichrome—stained tissue sections
were used to assess lesion severity. Measurements of the
thickness of the alveolar septa, bronchiole diameter, and
cell counts were performed using the VisioL@b 2000
image analysis software (Biocom SA, Les Ulis, France).
Thickness of the alveolar septa was measured in 5 different
fields (x400 magnification) with 20 measurements per field
performed close to the patch (septa were destroyed within
the injured area) or in the pleural area (ie, far from the
patch near the lung pleura).

Immunostaining

Sections were incubated with antibodies to prosurfactant
protein C, uteroglobin, or von Willebrand factor, all in
coimmunostaining with alpha-smooth muscle actin to
facilitate structure visualization and to look for possible
epithelial- or endothelial-to-mesenchymal transition. All
antibodies were from Abcam, Paris, France. Samples were
then incubated with corresponding Alexa fluor-conjugated
secondary antibodies (Life Technologies, Saint-Aubin,
France). Sections were mounted in VECTASHIELD
mounting medium with DAPI (Eurobio AbCys, Courta-
boeuf, France). Uteroglobin-positive cells were counted in 3
different bronchioles per sample in the injured area and
expressed as a percentage of the total cells counted along the
epithelial axis. Prosurfactant protein C-positive cells were
counted in 10 successive fields (objective 40) near the injury
patch and close to the pleural area (far from the patch).

Tissue RNA extraction and quantitative real-time
polymerase chain reaction

Total RNA was prepared with the mirVana isolation kit
(Thermo Fisher Scientific, France). After quantification on a
NanoDrop ND-1000 apparatus (NanoDrop Technologies,
Rockland, DE), reverse transcription was performed with 1
pg of RNA using a reverse transcription kit from Applied
Biosystems (Courtaboeuf, France). Relative mRNA was
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quantified using the AACT method with 18S as house-
keeping gene. Genes were chosen as lung cell markers or
according to their proven role in lung tissue inflammatory
response to radiation exposure. mRNA levels were not
measured after irradiation with 10-mm collimation given the
severity of radiation damage and the short duration of the
experimental period owing to anticipated euthanasia. For 1-
and 3-mm collimation, mRNA was measured in the injured
patch, in the ipsilateral lung, and in the contralateral lung. For
7-mm collimation, the injury patch included all the left lung,
and so mRNA was measured in the left lung and right lung.
Genes measured are listed in Table E1.

Statistical analyses

Data are given as means =+ standard error of the mean.
Statistical analyses were performed by analysis of variance
(Tukey multiple comparison posthoc test) or Student’s ¢
test, with a level of significance of P < .05.

Results
Effect of variations in beam size

Bronchiolitis obliterans limits mouse survival at large
beam size

As shown in Figure 1A, increasing the size of beam colli-
mation moved the dose-volume histogram of each con-
toured organ closer to that of the target area. Examples of
mean doses are given in Figure 1B. Animals exposed to 90
Gy with 7- or 10-mm collimation required euthanasia at 2
months and 21 days, respectively, because of severe
toxicity (Fig. 1C). Large-volume irradiation was associated
with bronchiolitis obliterans (Fig. 1D, left panel).
Figure 1D (right panel) shows the number of bronchioles
affected by bronchiolitis obliterans and their diameter.
Bronchiolitis obliterans was never observed at 1 mm, was
rare at 3 mm, and concerned almost all bronchioles at 7-
and 10-mm collimation.

Exposure using 3-mm beam collimation generates long-
term tissue fibrosis
Tissue damage was characterized by total parenchymal
disruption concerning more than 50% of the total tissue
section for 7-mm collimation and the entire section for 10-
mm collimation (Fig. 2A). Both configurations were asso-
ciated with increased thickness of the alveolar septa of the
entire left lung (Fig. 2B).

The use of 1-mm collimation generated an injury patch
visible on tissue sections at 1 and 3 months (Fig. 2A),

accompanied by thickened alveolar septa, including in the
right lung at 1 month (Fig. 2B, Fig. E1A). The alveolar
septa remained thickened until 12 months postexposure.
The injury patch was never visible on CT scans (Fig. 2C)
and did not change the position of the mean smoothed HU
curve (Fig. 2D).

Irradiation with 3-mm collimation generated an injury
patch at 1 month that lasted until 12 months. Alveolar septa
were severely thickened up to 12 months (Fig. 2B,
Fig. E1A for right lung). Stricture occurred with tissue
scarring because the patch volume decreased with time
(Fig. E1B). Mean smoothed HU curves show increased
intensity of the patch from 1 to 12 months, with curve shift
signaling increased density of the left lung at 1 month
(Fig .2D).

Beam size affects type II pneumocyte and bronchiolar

epithelial cell numbers

Figure 3A (left panel) shows representative pictures of
UGB immunostaining. Graphics show UGB-positive cell
counts revealing significant club cell depletion in the
injured area, with repercussion in the right lung for 7- and
10-mm beam collimation. Irradiation with 1-mm collima-
tion had no effect on UGB-positive cell numbers.

Figure 3B (left panel) shows representative pictures of
SFTPC/dsma immunostaining. Radiation exposure induced
an increase in the number of type II pneumocytes with 1-
and 3-mm beam collimation in the injury patch and close to
the patch, respectively. Higher irradiated volumes did not
generate increased type II pneumocyte numbers, except for
the 1.5-month time point after 7-mm beam collimation in
the pleural area.

Acute modifications of inflammatory gene expression
levels extend to the contralateral lung despite the
collimation used
Given the damage generated after 10-mm beam collima-
tion, we decided to exclude these samples from gene
measurements. To simplify graph reading, control values
were checked for similarity throughout the experimental
period and pooled to obtain only 1 value per tissue (Fig. 4).
Overall (Fig. 4A), 90-Gy irradiation using 7-mm colli-
mation was associated with severe CCSP gene expression
downregulation and no SFTPC gene expression upregula-
tion. Reducing the irradiated collimation to 3 mm preserved
CCSP gene expression and induced SFTPC gene expres-
sion upregulation in the patch and the ipsilateral and right
lungs. Using 1-mm collimation upregulated CCSP in the
injury patch and the right lung at 12 months and induced
strong acute responsive SFTPC upregulation. Modifications

scanner images and HES-stained tissue sections showing bronchiolitis obliterans compared with unirradiated tissue 2 months
after 90 Gy exposure using 7-mm beam collimation. Bar: 100 um. Graphics show the number (upper panel) and the mean
diameter (in wm, lower panel) of bronchioles affected by bronchiolitis obliterans, regardless of time point. Each point
represents the value for 1 animal (1 tissue section). Diameter values represent the mean of diameters measured for all
bronchioles affected by bronchiolitis obliterans in 1 tissue section.
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in the expression of Cyp2F2 (for club cells) and Foxjl (for
ciliated cells) showed the same profiles (Fig. E2).

The 7-mm collimation induced strong upregulation of
IL-1B, IL-6, TNF, CXCL2, and EMRI1, with down-
regulation of ENG (Fig. 4B, Fig. E3). The same profiles
were obtained in the right lung. Using 1- or 3-mm colli-
mation generated similar profiles of acute (1-month) in-
flammatory gene expression levels in the injury patch and
the ipsilateral and right lungs, except for CXCL2 upregu-
lation, which was observed only with 3-mm collimation.

Dose effect

Tissue fibrosis occurs after exposure to 60 Gy or more

Localized lung opacification was observable from 80 Gy at
1 month and from 60 Gy at 6 months (Fig. 5A). Smoothed
mean intensity representation (in HU) highlights the pres-
ence of a dense injury patch at 1 month after 80-, 100-, and
120-Gy doses (Fig. 5B, left panel). The 40- and 60-Gy
doses generated a slight shift of the corresponding curves,
whereas the 20 Gy curve remained similar to controls. At 6
months (Fig. 5B, right panel), the 60-Gy curve clearly
joined the “condensed” group of higher doses (80, 100, and
120 Gy). Injury patch volume, represented as a percentage
of total lung volume in Figure 5C, reflected well the
appearance of a visible injury patch 6 months after 60 Gy.

Histologic sections confirmed the presence of an injury
patch (Fig. 5D, arrowheads) 1 month after 80, 100, and 120
Gy. Doses of 40 and 60 Gy generated noticeable damage,
albeit undetectable with CT scans. At 6 months, a patch
clearly appeared after 60 Gy, similar in size and density to
patches at other high doses.

Thickness of the alveolar septa was measured as a proxy
of lung parenchymal response to trauma (Fig. 5E). Tissue
response from 40 Gy occurred at 1 month, with acute re-
percussions for the patch in the pleural area and right lung
at doses of 80, 100, and 120 Gy. At 6 months, the septa
returned to control values at 40 Gy and remained signifi-
cantly thickened at 60 to 120 Gy, with repercussions on the
right lung.

Dose effect on club cells and type II pneumocytes
Figure 6A shows significant club cell depletion for doses of
40 Gy and above. The number of cells per 100 pum of

bronchiolar epithelium did not change significantly
(Fig. 6B). At 6 months, depletion was noted for all doses
from 20 to 120 Gy (Fig. 6A). Repercussions occurred in the
right lung, with significant cell loss after 100 and 120 Gy.
The number of cells per 100 pm decreased significantly
from 40 to 120 Gy in the left lung and after 100 and 120 Gy
in the right lung (Fig. 6B).

Exposure to 60 Gy or less induced type II pneumocyte
hyperplasia at 1 month, whereas higher doses induced type
I pneumocyte depletion (Fig. 6C). Significant re-
percussions occurred in the right lung after 120 Gy. At 6
months, the increase in type II pneumocyte numbers was
significant after all doses except 20 Gy. No change occurred
in the right lung.

mRNA expression

Irradiation induced a dose-dependent decrease in CCSP
gene expression at 1 month in the injury patch (Fig. E4A).
At 6 months, CCSP expression levels were similar to
control values. This was confirmed by Cyp2F2 expression
profiles (Fig. E5). At 1 month, irradiation decreased SFTPC
mRNA expression, especially in the ipsilateral and right
lungs. At 6 months, expression returned to control values.
Figure E4B shows a strong IL-6 overexpression in the
injury patch. An impact on the right lung was visible only
after 120 Gy. IL-6 overexpression persisted at 6 months in
the patch, with effects on the right lung after 120 Gy.
Figure E6 shows other gene expression modifications.

Discussion

SBRT is guided today more by technical advances than by
radiobiological knowledge. In this study, we used our
model of focal lung irradiation in mice using arc therapy to
yield information on the development of lung damage,
depending on dose or beam size in this context.

To study the effect of varying beam size, we chose a
single dose of 90 Gy, a dose extensively used in the
different reports published since the advent of the technical
possibility of focal irradiation of the lung in mice. However,
most studies were short-term because of severe damage to
the skin and/or muscles, such as hair loss and

collimation; and at 21 days postexposure for 10-mm collimation. (B) Thickness of the alveolar septa (in [lm) measured in
controls and close to the injury patch or in the pleural area from 1 to 12 months postexposure for 1- and 3-mm collimation; at
1, 1.5, and 2 months postexposure for 7-mm collimation and at 21 days postexposure for 10-mm collimation. Control his-
tograms regroup the values of all measurements performed from 1 to 12 months. 5 < n < 8 except for control, n = 32. (C)
Representative micro—computed tomography images and 3-dimensional reconstructions from 1 to 12 months after 90 Gy
exposure using 1- and 3-mm beam collimation. Different colors have been used to differentiate the injury patch (red), the left
lung (blue), the right lung (pink), and the main bronchi (white). (D) Smoothed mean intensity representation in Hounsfield
units (HU) in the injured area (patch when visible, left lung otherwise and right lung) from 1 to 12 months postexposure using
I-mm (orange colors) or 3-mm beam collimation (green colors) compared with controls (gray and black). 4 < n < 8 per
group. *P <.05. **P <.01. ***P <.001. * ***P <.0001. (A color version of this figure is available at https://doi.org/10.

1016/j.ijrobp.2020.03.011.)
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dermonecrosis, as reported by Kwon et al.'”'*'*' Here
we show that arc therapy allowed long-term studies until 12
months postexposure, at least with 1- or 3-mm beam
collimation. Arc therapy dose delivery has 3 main advan-
tages: (1) it prevents severe damage to the skin and un-
derlying structures; (2) it allows a more targeted definition
of the irradiated volume because the single beam irradiates
a core part of the body, which corresponds to a higher
volume when using the same collimation; and (3) CT scan
allows lung damage to be followed.

Acute lung damage was characterized by dense/hyper-
cellular inflammation and a total disruption of alveolar
organization, as already described.”’ The use of 7- or 10-
mm beam collimation induced severe bronchiolitis oblit-
erans, which was the reason for euthanasia of the animals.
Airway obliteration and whole left-lung consolidation was
also observed using 5-mm collimation (90 Gy) in the study
by Hong et al,'® highlighting the determinant role of beam
size in the tolerance of exposure to such high doses.

Following radiation-induced lung injury using CT scan
remains a challenge in the clinic.”’ In preclinical models,
micro-CT imaging has been shown to be a sensitive tech-
nique for the assessment of late lung toxicity™ but
appeared insufficient to follow mitigation effects ensured
by nintedanib administration.”” The ability to follow lung
damage by CT imaging remains an important noninvasive
parameter to be taken into account in the choice of pre-
clinical models of radiation-induced lung damage. In our
study, acute lung damage induced with 1-mm collimation
was not visible using CT imaging and did not modify HU
curves despite visible damage on tissue sections, illus-
trating the aforementioned limits of CT imaging. No opa-
cification occurred at later time points, confirmed by
histological observations demonstrating no tissue fibrosis.
Only 3-mm collimation was associated with visible opaci-
fication on CT scan and HU curve shift until 12 months
postexposure.

Use of 3-mm collimation destroyed a significant number
of club cells and was associated with an increase in type II
pneumocyte numbers. Club cells are quiescent in homeo-
static epithelium but are able to self-renew in cases of
damage and generate club, goblet, and ciliated cells, or
even type I and II alveolar cells, to maintain homeostasis of

bronchiolar walls.”* Using a transgenic mouse model of
conditional club cell depletion, Perl et al demonstrated
compromised lung epithelial repair and peribronchiolar
fibrosis.”> Chronic club cell depletion obtained after
repeated exposure to naphthalene induced fibroblast pro-
liferation and peribronchiolar collagen deposition and was
demonstrated as a good model for lung fibrosis.”® On the
other hand and unexpectedly, naphthalene-induced acute
club cell depletion attenuates bleomycin-induced Iung
fibrosis in mice.”” Authors hypothesize that protection may
involve well-described rapid club cell recovery after a
single naphthalene injection. Finally, whole-thorax radia-
tion exposure to 15 Gy in mice is associated with club cell
depletion and reduced CCSP mRNA abundance that may
potentiate influenza A virus infection—induced lung
epithelial damage.”® In our study, club cells were chroni-
cally depleted, and this depletion was detected when the
irradiated volume was sufficient to include a significant
proportion of bronchioles, as in the case of 3-mm colli-
mation. As observed in studies cited earlier, club cell
depletion may also play a significant role in radiation-
induced fibrosis in our model.

Type II pneumocytes also show stem cell properties and
produce type I pneumocytes to regenerate the lung alveolar
space in the case of injury.””’" Impaired type II pneumo-
cyte proliferation and subsequent loss of or abnormal
alveolar repair capacity have been implicated in the
development of chronic obstructive pulmonary disease in
humans.”’ Type II pneumocytes have been shown to play a
critical role in lung fibrosis development,”” and targeted
injury of type II pneumocytes is sufficient to induce pul-
monary fibrosis.”® Osterreicher et al reported an acute
(within 3 weeks) dose-dependent decrease in type II
pneumocyte numbers after thoracic irradiation from 1 to 25
Gy.™ Type II pneumocyte depletion was also observed by
Citrin et al after 17.5 Gy whole-thorax irradiation in
mice.” In contrast, increased proliferation/hyperplasia of
type II pneumocytes has also been observed 4 weeks and 5
months after 10 or 12 Gy thoracic irradiation in mice.”® We
previously showed that 17 Gy whole-thorax irradiation
increased the number of type II pneumocytes,’’ suggesting
alveolar reconstruction as reported by Almeida et al 5
months after both single and fractionated whole thorax

collimation. Bar: 100 um. Graphics show the percentages of UGB-positive cells in the bronchiolar epithelium in control lungs
and in the injury patch and right lungs at different time points after 90 Gy exposure using 1-, 3-, 7-, or 10-mm beam
collimation. Significance symbols without a line mean that groups are compared with unirradiated control. 6 < n < 8. Control
value represents the pooled data of 1- and 12-month control tissues (n = 9). (B) Representative pictures of prosurfactant
protein C (red) and alpha smooth muscle actin (green) immunostaining in control and irradiated tissues 3 months after 90 Gy
exposure using 3-mm beam collimation. Bar: 100 im. Graphics show the percentages of SFTPC-positive cells per field in the
parenchyma of control lungs and in the injury patch and pleural side of the left lungs at different time points after 90 Gy
exposure using 1-, 3-, 7-, or 10-mm beam collimation. For the 3-mm beam collimation, a supplemental measurement was
performed close to the patch due large SFTPC-positive cell numbers around the damaged area in this configuration. Sig-
nificance symbols without a line mean that groups are compared with unirradiated control. Control value represents the
pooled data of 1- and 12-months control tissues (n = 10). *P <.05. **P <.01. ***P < .001. ****P <.0001. (A color
version of this figure is available at https://doi.org/10.1016/].ijrobp.2020.03.011.)
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irradiation.”® Here we show a strong increase in type II
pneumocyte numbers in response to 90 Gy exposure with
both 1-mm and 3-mm collimation. This was confirmed by
SFTPC mRNA levels, suggesting attempts at tissue recon-
struction. Further studies will be necessary to investigate
whether this increase in type II pneumocyte numbers par-
ticipates in tissue excessive scarring/fibrosis after focal
ablative lung irradiation.

A limited irradiated volume using 3-mm beam colli-
mation and arc irradiation in mice allowed dose escalation
to 120 Gy without lethality. Three-millimeter beam colli-
mation is a prerequisite to such dose escalation because 100
Gy irradiation using 5-mm collimation has been associated
with a short survival time of 22 days.'' We noted opacifi-
cation at 1 month for doses of 80, 100, and 120 Gy, asso-
ciated with severe alveolar septal thickening, major loss of
club cells, and acute loss of type II pneumocytes. The in-
crease in type II pneumocyte numbers was visible at 6
months for such high doses, suggesting delayed scarring. At
6 months, an injury patch appeared for the 60 Gy dose and
was confirmed by a shift in the HU curve. Exposure to 20
Gy did not generate any club cell loss or alveolar septal
thickening but increased type II pneumocyte number.
Absence of sufficient club cell loss may explain the absence
of tissue fibrosis at 6 months. Granton et al and Jin et al
observed lung opacification after 20 Gy exposure using
5-mm and 7-mm beam collimation, respectively.'”*" It is
very difficult to compare published studies because of
different dose deposition modalities. Discrepancies may,
however, be explained by differences in irradiated volumes.
Five- and 7-mm beam collimation without respiratory
gating is probably close to hemithorax irradiation, a model
in which 20 Gy can induce lung fibrosis."’ Moreover, dif-
ferences may come from observation times. In our case,
fibrosis develops within 6 months, and one cannot rule out
that 20-Gy, 3-mm focal irradiation may induce fibrosis
within a longer period of time. This would merit further
investigation.

Globally, when using 3-mm beam collimation, long-
term (within 6 months) tissue fibrosis occurs for doses of 60
Gy or more. Very high doses generate acute opacification
and rapid tissue fibrosis. The 60-Gy dose may be very
interesting because it generates a severe acute tissue
response with progression to fibrosis. This dose of 60 Gy is
a high dose compared with the well-known 20-Gy dose

sufficient to induce fibrosis in models of wide-field lung
exposure.’” Using arc delivery and 3-mm beam collimation
in mice, we previously showed that 5 x 20 Gy was
necessary to obtain diffuse lung fibrosis within 15
months.”' This single-dose range of 60 Gy is in accordance
with reported data of focal lung exposure. Cho et al showed
that using 3-mm collimator and dorsoventral delivery, mice
exposed to 40 Gy developed insignificant fibrosis; those
exposed to 100 Gy demonstrated lung fibrosis, suggesting,
as said by the authors, a threshold dose between 40 and 100
Gy for lung fibrosis under these conditions.'' The study by
Hong et al'® reported lung fibrosis from 40 Gy and
maximum intensity after a single dorsoventral dose of 60
Gy or more using 2-mm beam collimation (6-week time
point). Finally, Choi et al used the same dorsoventral dose
delivery system with 3-mm beam collimation and observed
a slight, followed by a marked, rise in collagen deposition
at 2 and 6 months after 50 Gy exposure, respectively.'”
Lung fibrosis was rapid and severe after 90 Gy, but the
study was stopped at 4 weeks, probably because of skin
damage associated with dorsoventral delivery. Direct
comparison between studies remains very challenging,
however, because of differences in dose delivery modal-
ities, generating varying irradiated lung volumes despite the
use of the same beam collimation. For example, using
3-mm dorsoventral irradiation has been shown to represent
11.7%'® and 12.6%'" of the total lung volume in mice
(volume in the beam path), whereas arc delivery in our case
corresponds to 4.2% of the total lung volume. Data thus
have to be considered not only according to beam colli-
mation but also according to the dose delivery modalities
(arc, single, or multibeams).

Another limitation to interpreting the effect of changes
in beam collimation size is the absence of respiratory
motion gating during dose delivery. This limitation is
common to all published data on lung ablative focal irra-
diation given that, to our knowledge, no respiratory gating
has been published until now for preclinical modeling of
lung SBRT. Given an estimated range of less than 3 mm
(Morgane Dos Santos, personal data), this may affect dose
delivery for beam collimation less than 3 mm. This may be
the case in our study using 1-mm beam collimation and
may lead to decreased dose received by the tissue to the
isocenter compared with the dose “prescribed” via the
treatment planning system. This means that for 1-mm beam

Smoothed mean intensity representation in Hounsfield units (HU) in the injured area (patch when visible, left lung otherwise)
at 1 (left panel) and 6 months (right panel) after radiation exposure to 20, 40, 60, 80, 100, or 120 Gy using 3-mm beam
collimation compared with controls. 4 < n < 7 per group. (C) Volume of the injury patch as a percentage of the total lung
volume compared with a calculated theoretical target volume; n = 5 per point. For irradiated tissues, colors are the same as in
(B). (D) Representative left lung histologic sections after Masson trichrome staining in control tissues and 1 month (upper
line) and 6 months (lower line) after exposure to 20, 40, 60, 80, 100, or 120 Gy using 3-mm beam collimation. Arrowheads
indicate visible injury patch. (E) Thickness of the alveolar septa measured in control tissues and close to the injury patch and
the ipsilateral and right lungs 1 and 6 months after exposure to 20, 40, 60, 80, 100, and 120 Gy using 3-mm beam collimation;
n==6 *P<.05 **P<.0l. ***P < .001. (A color version of this figure is available at https://doi.org/10.1016/j.ijrobp.

2020.03.011.)
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collimation, far more than 90 Gy prescribed to the isocenter
may be necessary to induce lung fibrosis. This would have
to be experimentally verified by a dose-escalation study,
probably through very high prescribed doses to obtain tis-
sue fibrosis with such collimation. The use of such high
dose may become questionable in terms of clinical
relevance.

Conclusions

Our study shows that arc delivery allows long-term studies
of the response to high-dose radiation exposure of the
mouse left lung when limiting field size. Focal lung fibrosis
development is associated with both club cell loss and
increased type II pneumocyte numbers. In our conditions,
using 3-mm beam collimation and a single dose of 60 Gy
allows development of lung fibrosis over a time span
compatible with the life span of mice. Further studies will
be necessary to implement this model, particularly con-
cerning very small volumes necessitating respiratory mo-
tion gating to ensure matching of the prescribed dose to the
planning system and the dose received by the target vol-
ume. The development of accurate preclinical models will
allow pertinent future studies to improve understanding of
SBRT radiobiology and develop therapeutic strategies
whose mitigating power will depend on the presence of
both high-dose irradiated areas and spared structures.
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