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Background and purpose: Preclinical models are much needed to assess the effect of novel radio-
sensitizers or mitigators on radiation dose limiting lung toxicity. Albeit showing radiation-induced lung
pathologies, current mouse models lack the sensitivity to do so. Using micro image-guided radiotherapy
(1IGRT) techniques, we aimed to establish murine models which enable the sensitive detection of lung
damage aggravation and characterized functional, radiological and histological responses.
Materials and methods: Right lungs of C57BI/6] mice were irradiated using uIGRT with doses from 15 to

. 27 Gy and with 21 Gy and cisplatin as a radio-sensitizer in a second study. Mice were sacrificed for his-
Preclinical lung models g . . . . . .
Lung fibrosis tol'oglcal apd pathologlFal assessment at different tlme—pomts.post—IR. Lung density was determined
WIGRT using the integrated micro cone-beam CT (uCBCT). Lung function was measured by double-chamber-
plethysmography.
Results: pIGRT resulted in accurate deposition of the radiation dose in the right lung only as determined
by yH2AX staining. Lung fibrosis was confirmed by pathological assessments and increased significantly
at 21 Gy as determined by automated quantification of histochemical analyses. Lung function was
affected in a dose-dependent manner. nCBCT-determined lung densities increased significantly over time
in the irradiated lungs and showed a strong radiation dose-dependence. Importantly, the uCBCT analyses
allowed the detection of additional lung damage caused by 3 Gy dose increments or by the combination
with cisplatin.
Conclusion: pCBCT after right lung pIGRT enables the sensitive detection of effects inflicted by relative
small dose increments or radio-sensitizers. Our preclinical model therefore facilitates the determination
of lung damage exacerbation for the safety assessment of novel RT-drug combinations.

© 2019 Elsevier B.V. All rights reserved. Radiotherapy and Oncology 138 (2019) 17-24
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Radiotherapy is a mainstay in lung cancer treatment, however
overall survival still remains poor [1]. Novel treatments for lung
cancer are urgently needed and several strategies are currently
under investigation. Some promising approaches aim to sensitize
tumor cells to radiotherapy by administering molecular targeted
agents. To evaluate the potential adverse effects of such new ther-
apies in healthy tissues, preclinical models should be (1) sensitive,
(2) robust and (3) clinically relevant by applying modern technolo-
gies. By meeting these criteria they could provide better guidance
for Phase I clinical trials in which novel radiotherapy regimens are
tested.
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Symptomatic pneumonitis and pulmonary fibrosis are dose-
limiting clinical toxicities associated with radiotherapy in the tho-
racic region. Murine pulmonary fibrosis models to address radia-
tion induced lung toxicities have been successfully established in
the past by using radiation lung fibrosis prone C57Bl6/] mice
[2,3]. Due to the lack of technological advances in small animal
radiation techniques, past pre-clinical models and data were, how-
ever, limited by the applied large volumes, usually involving the
whole thorax or half of it (hemi-thoracic irradiation). In these mod-
els, and different from the clinical setting, co-irradiation of the
bone marrow and the heart might have influenced the lung toxicity
endpoints under investigation. Data from van Luijk et al. [4,5] show
that co-irradiation of the heart impacts on radiation induced lung
toxicity in rats and can induce pleural effusion [6]. Such heart-lung
links have also been observed in patients [7]. This further high-
lights the potential complex interaction of tissues in radiation-
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induced toxicities and the importance of clinically relevant radia-
tion practices in pre-clinical models. Micro-Image-Guided Radio-
therapy (uIGRT) for small animals provides accurate irradiation
and image guidance by cone beam computed tomography (LCBCT)
[8-10]. The integrated nCBCT can also be used to assess lung den-
sity for the assessment of radiation-induced pulmonary patholo-
gies [11].

In the current work, we aim to establish a pre-clinical late lung
toxicity model by applying advanced preclinical pIGRT and nCBCT
technologies that allow the accurate irradiation of one lung, while
sparing other tissue such as the heart. Here we report feasibility
and accuracy of the model and describe the dose-response rela-
tionships of late fibrotic responses after such treatment and their
impact on lung function. As these models are intended to guide
clinical practice for novel RT/drug combinations, we tested the
ability to identify dose response changes using different histologi-
cal and clinically relevant lung toxicity endpoints in a longitudinal
study design. Next, we evaluated the potential of such a preclinical
radiation-induced lung toxicity model in detecting lung damage
aggravation by the combination with the radio-sensitizer cisplatin.

Materials and methods

Mice

Male C57BI6/] mice were obtained from Charles River
(L'Arbresle, France). Housing and all animal experimental proce-
dures were performed according to national and European ethical
regulations and were approved by the institute’s Animal Ethical
Committee.

Y (mm)

Irradiation

Ten week old mice at a mean weight of 22.9 g (+/—1.2) were
irradiated under full anesthesia (2.5% isoflurane inhalation) with
single doses on the right lung (RL) using the X-RAD 225Cx ulGRT
system at 225KkV, 13 mA (Precision X-ray Inc., North Branton,
US). A single beam shaped by a custom-made collimator to spare
critical organs was pointed perpendicular to the mouse in prone
position (Fig. 1A, Sup-Fig. S1). Control mice were sham-
irradiated. 10 mice were assigned to each group. Mice in the first
dose response study were treated and housed in the old NKI animal
facility. The integrated pCBCT was used for accurate radiation
beam positioning. We used the SmART Planning system (MAASTRO
Clinic, Maastricht, NL, [12]) to simulate the dose distribution of the
treatment and to derive a representative DVH. The effect of posi-
tioning errors (up to 0.3 mm) was simulated. Mice were irradiated
after automatic registration on the RL using the reference image
derived from a pilot study to generate the collimator. Mice were
sacrificed after 1 h for target evaluation by YH2AX histochemistry
or followed for 40 weeks until euthanasia by i.p. injections
pentobarbital.

Histology and (immuno) histochemistry

Lungs were fixated by intra-tracheal infusion with EAF fixative
(ethanol/acetic acid/formaldehyde/saline at 40:5:10:45 v/v/v/v).
After 24 h EAF-fixation, tissues were embedded in paraffin and sec-
tioned for histology. Hematoxylin-Eosin-Saffrane, Sirius red and
Masson'’s trichrome staining was performed according to standard
protocols. Anti-yH2AX (Cell Signaling) was used for yH2AX
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Fig. 1. (A) Representative image of the radiation field for a 27 Gy-exposed mouse. (B) Dose-volume histogram (DVH) of a 27 Gy-exposed mouse. (C-E) Visual representation
of sub-volumes used in the fully automated (C) and 2.5D (D) right lung density quantifications and locations of those regions within the right lung depicted in 3D (E).
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immuno-histochemistry. For quantification, images of whole lung
tissue sections were made using an Aperio Scanscope AT2 (Leica
Biosystems) at 20x magnification. Annotation fields were drawn
as shown in Sup-Fig. 2A while avoiding large airways or blood ves-
sels (Sup-Fig. 2B). “Staining concentration” values were deter-
mined using the “Measure Stained Area” algorithm (Sup-Fig. 2C)
provided in the SlidePath Version 4.0.6 (Leica MicroSystems,
Dublin, Ireland).

Lung function measurement

Breathing rates were measured using a mouse double-chamber
plethysmograph (model PLY210, EMMS, Hampshire, UK) forty
weeks post-irradiation. Data were gathered during a period of
20 min after a 20 min acclimation time. Breathing rates were quan-
tified using the eDaqc version 1.7 software package (EMMS, Bor-
don, UK).

UCBCT lung density quantification

UCBCT scans (voxel size 0.1 x 0.1 x 0.1 mm?) were acquired at
100 kV to quantify lung densities in the different radiation dose
groups 8, 34, 37 and 40 weeks post-irradiation. Fully automated
registration and propagation of sub-volumes of the lungs provided
the pCBCT density values. These were compared and validated to
lung density values derived from a manual selection of a specific
coronal plane slice (termed 2.5D method; Fig. 1C-E). Density quan-
tification methods are described in detail in Sup-Methods.

Cisplatin radiation combination study

A second independent study was conducted in the new Mouse
Clinic for Cancer and Ageing (MCCA) at the NKI to assess the
impact of drug radiation combinations. Ten to eleven week old
male C57BI6/] mice were irradiated under full anesthesia (2.5%
isoflurane inhalation) with single doses on the right lung (RL) using
the X-RAD 225Cx uIGRT system, followed by regular (monthly)
uCBCT scans as described above. Each treatment group contained
ten mice at the start of the study. Two groups received cisplatin
(3 mg/kg b.w.) on three consecutive days prior to irradiation
(CIS-21Gy) or sham-radiation (CIS—0Gy). Control groups consisted
of 21 Gy irradiated mice with or without i.p. injections of the vehi-
cle solution and the corresponding sham (0 Gy) treated groups.
Data are shown until 36 weeks post-irradiation, however not all
mice reached the end of the study due to treatment unrelated
causes. Statistical analyses were therefore conducted on the data
until 21 weeks to assure the assessment of at least 8 mice per
group and appropriate AUC comparisons.

Statistical analysis

One-way ANOVA with Dunnett’s post-hoc test was performed
for group comparisons using SPSS or GraphPad Prism software. A
repeated t-test with Holm-Sidak correction for multiple testing
was applied to test for differences between the right and left lung
staining data. When assessing AUC (area under the curve), individ-
ual mouse radiodensity values were normalized to the correspond-
ing week 0 value of that mouse. Individual AUC values were
generated from these radiodensity data (in post-irradiation days
for accuracy) from week O to 21 using GraphPad Prism software.
Groups were then compared using ANOVA with Holm-Sidak cor-
rection for multiple testing.

Results

Feasibility and accuracy of mouse lung pIGRT

Here we set out to establish a preclinical mouse lung fibrosis
model which applies large radiation fields that however exclude
the heart and other critical organs. For this purpose, we used
C57B16/] mice which are fibrosis-prone and develop radiation-
induced fibrosis within 20 weeks (depending on dose and vol-
umes) [6,13-17]. The intention was to establish a preclinical model
able to sensitively detect potential toxicity changes by novel com-
bined treatments (i.e. addition of drugs). Therefore we chose large
volumes and single fractions regimens. A custom-made collimator
for single field radiation of the right lung was therefore constructed
based on pCBCT analyses of five mice at the intended study age
(Sup-Fig. S1A-D). Mice in prone position were irradiated from
the top with a single vertical beam for maximum coverage of the
right lung while sparing most of the heart. The radiated lung vol-
umes averaged to approximately 0.3 cm>. Fig. 1 shows the radia-
tion fields and the projection on the tissue outlines demonstrates
inclusion of the right lung and exclusion of the heart in these mice.
The DVHs confirm that more than 90% of the heart is spared from
high dose (<10% of administered dose) exposure and show a min-
imal involvement of the left lung (Fig. 1B).

YH2AX immunohistochemistry confirmed targeted radiation of
the right lung (Fig. 2A and B). The heart was largely excluded from
damage (Sup-Fig. S3A-B). YH2AX staining intensities did not
exceed those caused by intentional control irradiations to the heart
with 1 Gy (Sup-Fig. S3B). Whole lung mean YH2AX values in the
left lungs are low and confirm effective shielding of the left lung.
Mean left lung values are slightly increased compared to sham-
treated (Fig. 2A); a result caused by the overlap of the right and left
lung lobes in the basal region. We conclude that pIGRT of the right
lung, while sparing the heart to a large extent, is feasible.

Dose-dependent development of lung fibrosis pathology

We next assessed the development of lung fibrosis and in par-
ticular the dose dependence of this process in this model. Mice
received single radiation doses ranging from 15 to 27 Gy and were
followed for 40 weeks before being sacrificed for histopathological
assessments. Lung fibrosis was confirmed by the animal patholo-
gist in the high radiation dose levels groups. The right lung showed
increased amount of collagen staining in the peri-vascular/
bronchiolar spaces and alveolar septa (Fig. 3B). To assess the extent
of fibrosis quantitatively, we determined collagen deposition by
two independent staining protocols, Masson'’s trichrome and Sirius
red (Fig. 3, Sup-Fig. S2). Fig. 3 depicts the average Sirius red stain-
ing concentration values from the lungs in the different animal
groups. Right lung staining concentration values were significantly
increased in mice irradiated with 21 Gy or more. No significant
alterations were found in the left lung, further confirming targeting
and excluding other possible systemic influences. Masson’s tri-
chrome staining confirmed this pattern (Sup-Fig. S4). Notably,
the sigmoid-like shape of the figure suggests a threshold damage
or saturation feature. When assessing collagen deposition in alve-
olar compartments within the lung we found a similar pattern
across the different areas of the lung (Sup-Fig. S5). These histolog-
ical data confirm the development of fibrosis in these mice and our
data indicate a threshold dose of 21 Gy for pronounced (histo-
chemically confirmed) lung fibrosis in mice at 40 weeks after uni-
lateral lung irradiation without heart involvement.

Induction of lung function impairment

Lung function deterioration caused by radiation-induced pul-
monary fibrosis is a critical and relevant endpoint in the clinic.
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Fig. 2. (A) Quantification of yH2AX immunohistochemistry in heart, left or right
lung 1 h after exposure of the right lung (RL) to 27 Gy or sham treatment in the
controls. Mean + SEM, n = 6 mice. (B) Microphotographs of representative y-H2AX
immunohistochemistry from the left and right lung of a mouse 1 h after right lung
irradiation with 27 Gy.

More than any histological parameter, this will ultimately deter-
mine the success of novel radiation-drug combination strategies.
We therefore tested whether partial lung irradiation in this murine
WIGRT lung fibrosis model impacts lung function and used a
double-chamber plethysmography system to measure breathing
rates in the mice. As shown in Fig. 4, we found a statistically signif-
icant increase in breathing rate (p < 0.001) in mice which received
a radiation dose of 24 or 27 Gy to the right lung only. We conclude
that our model shows the induction of lung function impairment
by radiation, i.e. a “functionally-significant” fibrosis.
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Fig. 3. (A) Quantification of Sirius red staining 40 weeks after sham-treatment or
radiation of the right lung at indicated doses. Mean + SEM, n = 6-10 mice; p < 0.05
vs. control, *p <0.05 vs. left lung. (B) Microphotographs of representative Sirius
staining from the left and the right lung of mouse that received 27 Gy on the right
lung. Arrows indicate increased collagen deposition in the alveolar septa.

Radiation dose-dependent increase in p.CBCT-determined lung density

X-ray and CT analyses are crucial to detect lung fibrosis in the
clinic. Here, we assessed whether radiation-induced lung damage
can be sensitively detected by pCBCT. uCBCT were performed at
baseline and at multiple time points after radiation. Pleural effu-
sions have been reported to occur after irradiation in a heart
involvement dependent manner in some animal models. Pleural
effusions, or signs thereof, were not detected on uCBCT images at
any time point, nor by visual inspection after euthanasia or in
the microscopy sections evaluation by the pathologist. Scans taken
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Fig. 4. Lung function measurement using double chamber plethysmography in
mice 40 weeks after radiation. Data shown as mean breathing frequency + SEM,
n=6-10 mice; ~p < 0.001 vs. control.

prior to euthanasia at 40 weeks post-irradiation were evaluated by
delineating the large lung volumes while considering all planes
(“whole-lung” in Sup-Fig. S6A). These preliminary data showed a
marked increase in density in the radiated right lung of mice that
were exposed to 21, 24 and 27 Gy (p < 0.001) warranting further
uCBCT analyses.
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To facilitate and improve lung density quantifications for large
scale longitudinal studies, we approached the lung density assess-
ment in a fully automated fashion (“fully automated” method).
Due to their high density, large airways can cause substantial
and radiation-independent variations in the data. The region of
interest was placed in an area within the lung with a low presence
of large airways and blood vessels to minimize the contribution of
such lung components to the mean lung density values. These data
were then compared and validated with density values as assessed
by an alternative semi-automated data analysis procedure that
was based on manual delineations (“2.5D” method)
(Sup-Fig. S6B-C) and in which the density values were derived
from a central slice in the coronal plane (Fig. 1D and E). We observe
good concordance in the data and found high correlations with
values above 0.95 (Sup-Fig. S6B-C). Importantly, we find a strong
and significant radiation dose-dependent increase in density
values (Fig. 5A-C for fully automated and Sup-Fig. S7 for semi-
automated evaluations).

Changes in CT values are thought to reflect increased tissue
densities due to fibrosis. We therefore compared the tissue density
values as determined on the pathological tissue section material
with the density values derived from pCBCT imaging. Fig. 5D
demonstrates the association, both increasing greatly at 21 Gy.
The pnCBCT data are consistent with the histopathological assess-
ments of fibrosis and show that uCBCT images and analyses reflect
radiation induced lung damage well.
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Fig. 5. (A) Radiodensity of the left and right lung assessed by pCBCT with the “fully automated” method as described in Materials and Methods and Sup-Fig. S1 and Sup-
Methods, 37 weeks post-exposure. Mean + SEM, n = 4-5 mice. Stars indicate p value levels determined by ANOVA: '<0.05, ""<0.001, """<0.0001. For simplicity, statistical test
results of groups with >6 Gy dose differences are not shown. (B) Dose dependent development of right lung nCBCT-radiodensity over time. Mean + SEM, n = 4-5 mice. (C)
Time-dependent development of right lung radiodensity in the different radiation dose groups; mean + SEM, n = 4-5 mice. (D) Comparison of lung density assessed by nCBCT
(radiodensity left y-axis) and microscopic tissue density (right y-axis) at 40 weeks, as assessed by quantifying tissue per surface area on microscopic sections. Mean + SEM,

n=4-10 mice.



22 WCBCT for lung RT studies

Sensitive assessment of radiation induced lung damage

Given the observed strong radiation dose association, uCBCT
scans could help to detect potential radiation response enhance-
ments. Such non-invasive techniques also provide multiple test
opportunities in longitudinal experimental designs to yield robust
and sensitive measures of radiation damage. To further evaluate
the dose- and time-dependent alterations in the lung in all mice,
we determined lung densities at a range of time points. We found
that radiodensity increased with time in the irradiated mice only
and that this development depends on the radiation dose (Fig. 5-
B-C, Sup-Fig. S7B-C). Even though there are signs of a plateau at
high dose values, the data show that earlier assessments and/or
lower radiation doses provide opportunities to sensitively detect
lung damage changes in experimental regimes. Steep slopes (den-
sity increments per additional radiation dose) accompanied by a
relative small variation in the data provided a good separation of
individual dose groups (Fig. 5A and B). We find that 3 Gy or 6 Gy
dose increments caused significant lung density changes in this
model, thereby allowing the detection of relatively small but clin-
ically relevant radiosensitization by experimental drug-radiation
combination regimens.

Detection of lung damage aggravation by drug radiation combination
treatment

Given the above revealed opportunity to sensitively detect
small dose increments in this model, we next tested whether it
would also allow the detection of additional lung damage caused
by clinically applied radio-sensitizers. Cisplatin is an efficient and
widely used radio-sensitizer that led to improved response rates
after cisplatin-based chemoradiotherapy for lung cancer, however
also provoked an increase in radiation induced toxicities.

We therefore tested whether our preclinical model would be
able to depict changes in lung damage and performed an interven-
tion study in which we treated mice with 21 Gy and cisplatin (3x
3 mg/kg b.w.) and then compared the pCBCT density changes of
regular scans (every month) to radiated, solely cisplatin-treated
or vehicle-treated controls (Fig. 6). pCBCT scan analyses were
conducted as described above in a fully automated fashion. We
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Fig. 6. Treatment induced pCBCT radiodensity changes after combined treatment of
radiation and cisplatin. 21 Gy irradiated and cisplatin (3x 3 mg/kg) treated mice
(IR+CIS, red dots) were compared to mice that were either irradiated (IR, blue
triangles), received 21 Gy and i.p. injections of vehicle (IR + Veh, blue dots) or were
sham-irradiated (0 Gy controls C) with or without cisplatin (CIS) or vehicle (Veh) in
black and gray as indicated. Mean + SEM, until 21 weeks n is 8-10 mice. Legend
indicates significant differences in AUC when compared to the IR+ CIS reference

(ref).

find an accelerated onset of fibrosis in these mice, thereby showing
that our model is able to reveal normal tissue (lung)
radio-sensitization induced by drugs.

Discussion

Here we set out to establish a relevant, robust and sensitive pre-
clinical lung fibrosis model that enables the detection of potential
risks in novel drug-radiation combinations. Using nIGRT and nCBCT
we were able to minimize the involvement of the heart and sensi-
tively detect lung damage aggravation. nCBCT density endpoints
outperformed histochemical and lung function analyses in their
sensitivity to detect radiation dose dependent changes.

Irradiated lung volumes strongly determine the odds of radio-
therapy limiting lung fibrosis. In a similar study by Granton et al.
that also shows the strength of uCBCT to assess lung damage, much
smaller radiations fields were used [11]. Here, we purposely chose
single fractions and large fields that maximize lung toxicity. This is
to ensure the sensitive detection of any potential safety issues in
novel drug-radiation combination strategies. Different doses were
applied in small 3 Gy increments to assess the dose response in
more detail. We found that lung nCBCT density changes, which
reflect tissue density changes (Fig. 5D), develop over time. Initia-
tion and extent of lung damage as determined by uCBCT is
radiation-dose-dependent. Interestingly, both density measures
(histochemistry and CBCT) reach a “saturation level” pointing to
maximal achievable density values, a pattern which excludes tech-
nical (resolution) issues.

Radiation-induced lung fibrosis in C57Bl1/6] mice has been well-
studied [15,16]. Almost all of these studies applied old radiation
techniques, often involving the whole or half of the thorax. Here
we characterized the fibrotic radiation response and tested and
compared several endpoints in our model that excludes critical
organs. Aided by modern technologies, we were able to perform
histopathological quantifications and found similar dose-response
pattern as with the functional and imaging endpoints that we ana-
lyzed. Confirming radiation-induced fibrosis, collagen deposition
increased in the right lung that had received 21, 24 or 27 Gy. The
significant increase in breathing rates at higher doses further
demonstrates the impact of right lung irradiation on lung function
and excludes a large contribution from heart irradiation in the
development of this pathology in mice in the earlier studies [18].
These lung function alterations also support the applicability of
this model for preclinical safety testing. The application of modern
animal lung function assessment equipment and technologies pro-
vided the required sensitivity to detect statistically significant
changes. The lung damage-inducing radiation dose range observed
in this study is comparable to earlier studies applying hemi-thorax
irradiation or lower radiation volumes (recent pIGRT studies [11]).
Considering the influence of critical organs, such as the heart or
bone marrow, in the manifestation of lung damage or systemic
drug toxicities, we attempted to minimize their role in our model,
thus mimicking clinical practice. The considerable bone marrow
radiation exposure of earlier models could be a strong confounding
factor when assessing potential drug interactions. Here we reduced
but did not fully exclude bone marrow irradiation. New models
should consider exposures that are comparable to the clinic. The
confounding effects from pleural effusion or from heart radiation
were observed in other animal models [5,6,19,20]. It should be
noted that these can vary in the different animal species and
strains, as does also the link between radiation-induced pneumoni-
tis and fibrosis. However, mice provide the advantage of being
common test subjects in investigational studies that assess drug
tolerance and efficacies. They also allow genetic manipulations to
elaborate on mechanisms.
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We found a marked dose- and time-dependent increase in the
right lung density by nCBCT. Indeed, from all analyzed endpoints,
uCBCT was found to be the most sensitive in detecting lung dam-
age aggravation that were evoked by small dose increments.
Others have also shown the strength of CT imaging in depicting
lung damage in other models [21,22]. Here we showed that such
analyses provide a sensitive measure of radiation-induced lung
damage in mice. Fully automated pCBCT image analysis options
facilitate repeated measurements in longitudinal large scale stud-
ies and thus strengthen the sensitivity to detect lung damage
changes. This is crucial as we aim to detect potential dose intensi-
fications by the combinations with drugs. In a recent study and
despite promising early results, de Ruyscher et al. [23] were not
able to demonstrate the pathologically assessed anti-fibrotic activ-
ity of nintedanib by uCT changes in their model [11]. Careful
inspection of the data in the non-drug controls shows a consider-
able variation in the data that prevented the, in part linear, dose
response relationship for most time points, suggesting their model
did not provide sufficient sensitivity to depict such changes
robustly [11,23]. The use of higher radiation doses and volumes
resulted in a gradually increasing dose response curves at most
time points in the here described model. Statistical significant dif-
ferences in groups that differ by small dose increments (e.g.: 24 or
21 Gy vs 18 Gy) demonstrate that this experimental set-up
improves consistency and sensitivity. Importantly, this translates
to dose enhancement factors (DEF) as low as 1.2 or 1.4 that could
be detected by such a model (illustrated in Sup-Fig. S8). To bring
this into context: typical chemo-radiotherapy schedules apply
radiosensitizers, for example cisplatin, that achieve DEFs of around
1.4 in tumor models. They however also cause significantly
increased RILT in the clinic. Sensitive preclinical models that are
able to depict such clinically relevant DEFs are needed [9,24]. We
therefore combined the irradiation treatment with cisplatin and
were able to show alterations in lung densities after such a com-
bined drug/radiation treatment.

Novel drug/radiation combinations are mostly tested for effi-
cient tumor radio-sensitization. Unfortunately, preclinical studies
that alongside evaluate possible changes in radiation-induced tox-
icities are still much less numerous [25-27]|. Although able to
reveal some signals of increased toxicity in the case of the combi-
nation of radiation with the chemotherapeutic agent cisplatin,
early studies lacked in part the sensitivity that novel technologies
may be able to provide as shown here [28-34]. The urgent need for
sensitive models to study novel drug/radiation combinations has
led to high expectations toward the development of such models.
While it is possible to adapt and optimize irradiation and imaging
technologies to further approach the clinical situation, the use of
small animals and their distinct biology limits the degree of simi-
larity that can be achieved with such models. Lung toxicity is, for
example, very difficult to evaluate utilizing current orthotopic lung
tumor models. These often use immune-incompetent mice; or
mice often succumb from their disease prior to any late lung toxi-
city development. Future genetic mouse tumor models may help to
better assess novel treatment strategies. Yet, these factors are also
likely to introduce a high degree of variation that in turn prevents
the sensitive detection of any changes in radiation-induced toxici-
ties. Here, we were able to increase the sensitivity to detect the
exacerbation of an important radiation-induced lung pathology
and therefore improved the suitability and significance of current
radiation-induced lung toxicity mouse models. Strong signs of
increased toxicities by certain drug radiation combinations, as
revealed in such models, may call for careful and slow drug dose
escalation designs in early Phase I clinical trials or may help to pri-
oritize among different compounds of the same class. Hence, we
propose the application of our and similarly sensitive and clinically

relevant models in drug development pipelines that aim to
improve lung radiotherapy.

To conclude, we established a preclinical partial radiation lung
fibrosis model with heart exclusion and describe the dose depen-
dent development of local fibrosis and overall lung function
impairment under these conditions. Experimental set-up and
uCBCT analyses permitted the sensitive and robust detection of
lung damage, thus supporting the application in early drug-
radiation combination developments for novel radiosensitizers or
lung fibrosis mitigators.
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