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MINI REVIEW

A survey of changing trends in modelling radiation lung
injury in mice: bringing out the good, the bad, and the
uncertain

Mohamad B Dabjan’, Carolyn MS Buck?, Isabel L Jackson?, Zeljko Vujaskovic?, Brian Marples' and Julian D Down?

Within this millennium there has been resurgence in funding and research dealing with animal models of radiation-
induced lung injury to identify and establish predictive biomarkers and effective mitigating agents that are applicable to
humans. Most have been performed on mice but there needs to be assurance that the emphasis on such models is not
misplaced. We therefore considered it timely to perform a comprehensive appraisal of the literature dealing with radiation
lung injury of mice and to critically evaluate the validity and clinical relevance of the research. A total of 357 research
papers covering the period of 1970-2015 were extensively reviewed. Whole thorax irradiation (WTI) has become the most
common treatment for studying lung injury in mice and distinct trends were seen with regard to the murine strain,
radiation dose, intended pathology investigated, length of study, and assays. Recently, the C57BL/6 strain has been
increasingly used in the majority of these studies with the notion that they are susceptible to pulmonary fibrosis.
Nonetheless, many of these investigations depend on animal survival as the primary end point and neglect the
importance of radiation pneumonitis and the anomaly of lethal pleural effusions. A relatively large variation in survival
times of C5BL/6 mice is also seen among different institutions pointing to the need for standardization of radiation
treatments and environmental conditions. An analysis of mitigating drug treatments is complicated by the fact that the
majority of studies are limited to the C57BL/6 strain with a premature termination of the experiments and do not establish
whether the treatment actually prevents or simply delays the progression of radiation injury. This survey of the literature
has pointed to several improvements that need to be considered in establishing a reliable preclinical murine model of
radiation lung injury. The lethality end point should also be used cautiously and with greater emphasis on other assays
such as non-invasive lung functional and imaging monitoring in order to quantify specific pulmonary injury that can be
better extrapolated to radiation toxicity encountered in our own species.
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Experimental animals have continued to be used to address
radiation effects on the lung as the high sensitivity of this
tissue remains a concern in humans receiving radiotherapy or
unintentional radiation exposures.> The purpose of this
review is to compile published findings that are pertinent to
establishing meaningful animal models for reasonable extra-
polation to what might be anticipated in our own species.
This covers a comparison of experimental studies spanning
four and a half decades, most notably in mice, with respect to
the type and timing of pathology and the assays used to
measure radiation lung injury. The reliability of these animal
models can affect the validity of the various molecular and

cellular mechanistic concepts that have been proposed and
upon which new therapies can be designed to protect or
mitigate radiation pulmonary injury. This review also extends
on recommendations from a workshop meeting in 2008
among Centers for Medical Countermeasures against Radia-
tion (CMCRs) that outlined the desire for a consensus on
appropriate animal model used to allow for comparative
studies to be performed across institutions.> These concerns
have been heightened by the need for biomarkers and
therapeutics to comply with FDA Animal Rule for approval in
humans when it is neither ethical nor feasible to conduct
human efficacy studies due to the toxicity of a radiological or
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Figure 1 Radiation dose responses for severe pneumonitis among
humans receiving either single doses of UHBI (e)® or single dose
equivalents of TBI (), most with cyclophosphamide chemotherapy before
allogeneic bone marrow transplantation.’> Also compared are the
estimated dose ranges for nuclear accident victims that died with latent
respiratory failure at Shangai, 2> Belarus,”3 and Tokaimura.2*

nuclear threat to the population. In this case, it is generally
understood that the model is sufficiently well characterized to
the point that it adequately recapitulates the pathogenesis
caused by the threat agent in humans.* Meaningful preclinical
animal studies are additionally required to address radiation
toxicity to the lung as a side effect of radiotherapy in the
treatment of malignant disease and, while less stringent, also
requires ultimate regulatory approval for human use in the
United States and other countries.

In considering that this review article is focused on murine
models of radiation lung injury as representing the majority
of experimental animal studies on the topic, comparisons
among other animal species have generally been covered
elsewhere in terms of anatomical as well as radiobiological
differences,® but may similarly require greater scrutiny with
regard to how the pathological features are a reflection of
radiation pulmonary toxicity in patients.

SO WHAT REALLY HAPPENS IN HUMANS THAT SHOULD
BE ADDRESSED IN AN ANIMAL MODEL?

A proper appreciation of the value in a particular animal
model obviously requires how it compares with the findings
observed in humans. Many papers dealing with the topic of
radiation lung damage involving laboratory animals start by
making only a casual reference to the clinical findings and
where a balanced appraisal is needed as to what is truly
encountered following intentional or accidental radiation
exposures under analogous conditions. Some offer the general
notion that pulmonary fibrosis is the pathology that matters
the most. Two main scenarios need to be considered here.
The first deals with situations in which all or most of the lung
tissue is exposed to radiation, which is often applied to
experimental studies in mice. The second addresses localized
irradiation in which significant proportions of the lung are
excluded from the radiation treatment and maintains
sufficient functional reserve for long-term survival regardless
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of the extent of radiation lung injury within the radiation
field. The distinction between radiation exposures to the
whole vs regional lung volumes is particularly important in
experimental studies that address the relative importance of
pneumonitis vs fibrosis.

RADIATION EXPOSURE TO THE WHOLE LUNG

The clearest impression of radiation effects in humans in
which the entire lung tissue is included in the treatment field
comes from patients receiving single doses of upper half body
irradiation (UHBI) for treatment of disseminated malignant
disease at Princess Margaret Hospital, Toronto, Canada®3
and at the University of Rochester Cancer Center, Rochester,
NY.? At both centers, the shielding of the gut and much of the
bone marrow predictably prevented significant acute toxicities
to these tissues but an over-exuberant inflammatory reaction
in the lung parenchyma ensued as classical radiation pneu-
monitis. The high sensitivity of the lung toward radiation
pneumonitis was similarly found for fractionated whole
thorax in patients treated for pulmonary metastases.'®!!
The papers by Fryer et al’ and Van Dyk et al® convey the
most important findings following UHBI in that (a) the
manifestation of radiation pneumonitis follows an asympto-
matic latent period of 2-6 months, (b) the injury rapidly
evolves and where 84% of the patents diagnosed with
pneumonitis died from respiratory failure within 2 weeks of
its onset, and (c) the incidence is highly dependent on
absorbed radiation dose to the lung to produce a steep dose
response between 7 and 10 Gy. This curve is shown in
Figure 1 that is perhaps the best example of a radiation dose—
response relationship that is close to lethality for any normal
tissue in humans. Indeed, the position of this curve is similar
to that recently reported for delayed lethality data in rhesus
macaques following either localized whole thorax or partial
body irradiation (with ~5% bone marrow shielding).!?-!4
Also presented in Figure 1 is the single-dose equivalent
incidence of idiopathic interstitial pneumonitis in patients
following total body irradiation (TBI) and bone marrow
transplantation.!>  Although pneumonitis after TBI is
certainly more complicated and may be further aggravated
by concurrent chemotherapy and graft vs host disease that
explains the shift of the curve to even lower radiation
doses,'*1® the range is still within what is expected for direct
effects of radiation exposure and where pneumonitis presents
as the major dose-limiting toxicity of TBI. Histologically, the
pneumonitis reaction after UHBI or TBI is largely indis-
tinguishable and typically described as interstitial and intra-
alveolar mononuclear cell infiltrates with varying degrees of
edema, hemorrhage, alveolar exudation, epithelial degenera-
tion and hyaline membrane formation.””!> Of note is that
chronic pulmonary fibrosis is not documented as a prevalent
or life-threatening concern for either UHBI or TBI patients
who survive pneumonitis.”»!>2923 Pulmonary complications
in accidental radiation exposures are additionally displayed in
Figure 1 where the estimated, albeit less defined, radiation
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doses fall within the region expected to produce radiation
pneumonitis.>>~2> The report by Baranov et al*> of a victim
exposed to a radiation dose estimated at 10 Gy is particularly
remarkable as treatment intervention with transfusions and
hematopoietic growth factors allowed hematological recovery
and survival through the acute phase with only moderate
gastrointestinal toxicity but death from a probable radiation
pneumonitis subsequently occurred at 5 months after
exposure. Respiratory failure has been similarly reported in
other nuclear accidents but where the radiation exposure
levels are in a greater range of uncertainty.”»?> These
aforementioned reports of a delayed but acutely evolving
inflammation of the lung defined as pneumonitis in humans
rank this tissue as one of the most radiosensitive after the
hematopoietic system and serve as a crucial point of reference
to the relevance of preclinical animal models in which the
whole lung is being similarly irradiated.

REGIONAL LUNG IRRADIATION

Localized irradiation confined to specific regions of the lung
presents as a very different scenario as the unirradiated
lung has a major compensatory role in maintaining overall
lung function. In this case, the treatments are more pertinent
to standard radiation therapy for thoracic malignancies such
as lung, breast, and esophageal cancers and lymphomas in
which portions of the neighboring lung tissue are included in
radiation field. Generally, much higher doses can be tolerated
as compared with treatments that involve the whole lung but
where there are intimate relationships between tolerance
doses and treatment lung volume?*~28 that have a direct
bearing on achieving optimal tumor control with minimal
lung toxicity. The presentation of pneumonitis that may be
symptomatic and even occasionally fatal after radiation
exposure to relatively large lung volumes is well described
in the clinical literature.>=33 Both clinical and experimental
imaging investigations have shown that radiation pneumoni-
tis is co-incident with vascular hypoperfusion within the
irradiated lung volume.*3% Although it is tempting to
interpret reduced blood flow as a direct consequence
radiation damage to the vasculature, other compartmental
and adaptive responses of the lung are also expected that
maintain a ventilation—perfusion balance such that blood is
diverted away from the site of injury to healthy aerated lung
tissue regardless of whether the primary cellular insult is of
endothelial or epithelial origin.**4? Another hallmark of
localized irradiation of the human lung at relatively high
doses is the development of chronic pulmonary fibrosis,
usually developing after 6 months, which may or may not
follow a preceding pneumonitis reaction. In patients receiving
thoracic radiotherapy, late fibrosis is usually described
radiologically but is mostly asymptomatic.>*! In more
extreme cases, it can involve lung shrinkage with intrusion
of unirradiated healthy lung by compensatory hypertrophy
into the previous radiation treatment field.*>~** Chronic lung
dysfunction as a whole is usually attributed to loss of overall
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lung volume.*! In rodents as small as mice, regional lung
irradiation to comparative small volumes and dose homo-
geneity becomes more challenging but irradiation to the
hemithorax, usually encompassing the whole right lung, is
commonly applied among experimental studies and can
broadly model compartmental responses of treated vs
untreated lungs over a range of radiation doses and without
pulmonary lethality. Non-invasive approaches such as compu-
terized tomography*>*® or breathing rate?” have allowed the
continuous monitoring of radiation pneumonitis development
and its progression to late effects. At doses as high as 20 Gy
these later effects are seen as a loss of irradiated tissue mass and
a compensatory hypertrophy of the shielded unilateral
lung.*’~*° An often neglected but important facet of this late
response as reported by Law et al*®* is that while the collagen
concentration increases (as determined from hydroxyproline
levels), the total amount of collagen present in the irradiated
lung tissue actually decreases, an effect that can best be
explained as a greater loss of other cellular elements via
ischemic atrophy from the aforementioned vascular hypoper-
fusion. Such a phenomenon of a connective tissue ‘concertina
effect’ has also been described in regional lung irradiation of
baboons® and where accumulations of collagen may still be
observed microscopically. The results from these regional lung
irradiation studies denote that the appearance of fibrosis
following ablative radiation doses can be passive and needs to
be distinguished from an active fibrotic process as commonly
described in the context of new paradigms in radiation lung
damage involving pro-fibrogenic cytokines®' > and where
anti-fibrotic strategies as applied to other pulmonary diseases
may be ineffectual for ischemic radiation lung damage.

FREQUENCY OF RADIATION STUDIES ON MOUSE LUNG
AND THE PREVALENCE OF WHOLE THORAX IRRADIA-
TIONS ON THE C57BL/6 MOUSE STRAIN

Peer-reviewed scientific articles were acquired using publica-
tion database sources including but not limited to PubMed,
Science Direct, and Google Scholar to create a master
database of all papers dealing with effects of ionizing radiation
on the lung. In assembling the literature covering 538 papers
from 1970 to 2015 on all animal studies, the mouse species
was used the most (65%) followed by rats (25%), dogs and
swine (3%), rabbits (2%), and non-human primates (1%).
Among the murine studies within this period (357 papers), a
large majority utilized whole thorax irradiation (WTI) at 83%
with others using whole body irradiation (11%), UHBI (1%),
and localized regional lung irradiation (5%). Thus, 95% of all
mouse studies involve radiation exposure that includes all the
lungs that should be related to the experience in humans
receiving systemic irradiation in which pneumonitis presents
a major life-threatening concern as outlined above. The
literature on WTT studies was further subdivided according to
the study of different genetic strains. Typical strains used to
model radiation effects on lung include C3H, CBA, and
C57BL/6; and the number of papers published per year over
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Figure 2 The number of publications per year covering 1980-2015 that studied different mouse strains following WTI. Full references are provided in

Supplementary Table 1.

the past 35 years is shown for each of these in Figure 2. Clear
changing trends among the different mouse strains with time
are apparent in that during the 1980s and 1990s, CBA and
C3H were frequently investigated with fewer studies on
C57BL/6 mice while after this period the use of latter strain
dramatically increased and has eclipsed the other strains,
amounting to 86% of all published murine lung studies
employing WTT in this millennium. A number of contribut-
ing factors can explain why the C57BL/6 mouse strain has
become so increasingly popular to the present time. The first
is that this strain is the most readily available and among the
least expensive to purchase. Second, the C57BL/6 mouse has
become the standard as a background on which genetic
modifications are made and as documented in 22 publications
(17%) after 2000 as compared with one (0.7%) paper®
published before 2000. Third, the choice of this strain is
often justified as being the ‘most characterized” with a self-
perpetuating assurance that so many previous studies have
been accepted for publication using the C57BL/6 strain.
Finally, these animals have been contrasted with other mouse
strains in being considered ‘fibrosis prone’ and steered many
of the investigations toward characterizing and preventing
this particular pathology.

Nonetheless, these attributes that argue for employing
C57BL/6 mice should not pre-empt the crucial question as to
whether the model is truly reflective of the clinical scenario
which it attempts to emulate. Indeed, whole lung irradiation
that simulates half-body therapy, TBI, and accidental
radiation exposures to produce radiation pneumonitis in
humans (Figure 1) was more reasonably addressed in the
earlier studies using the CBA and C3H mouse strains in being
clearly pneumonitis prone, albeit at a moderately higher
radiation dose.’”*® The justification for replacing these with
C57BL/6 mice is less straightforward and has been built on
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various assumptions behind the underlying events that lead to
lethal lung injury as we have discussed below.

MURINE INVESTIGATIONS DURING THE LATENT PERIOD
Our literature database on whole thorax-irradiated mice has
identified studies focused on radiation-induced alterations
during the asymptomatic latent phase. Many of these have
been driven by the pursuit of predictive biomarkers and in
understanding the mechanisms behind the evolution of later
lung damage that may then reveal targets for therapeutic
intervention before salient lung injury ensues. Some radiation
mouse lung studies even consider the measured events as
already sufficiently predictive and conclusive as to not extend
experiments that capture delayed clinical outcomes and in
establishing the utility of the model. A number of different
changes within the lung have been documented to occur
hours, days, and weeks after radiation exposure. Among the
most intensely researched is the local production of certain
cytokines, determined either by gene expression or post-
transcriptionally by immunohistochemistry. Many of these
investigations follow a concept of a continuing cascade of
various cytokines that eventually lead to fibrosis.”® TNF-a and
TGE-p are the two most commonly measured cytokines
considered respectively to be pro-inflammatory or pro-
fibrotic and their relative RNA transcript levels are compiled
in Figure 3. This plot is an extension with more recent data of
lung cytokine mRNA levels as presented by Hill®® who
pointed out that while early changes in cytokine levels do
occur in the lung, these changes do not follow a clear dose—
response relationship and it is difficult to define exact
temporal patterns of cytokine changes. Figure 3 also shows
that the cytokine data are also complicated by the large
variation among mRNA measurements from different
laboratories, with perhaps the greatest variability coming
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Figure 3 Lung tissue TNF-a and TGF-8 mRNA levels (relative to unirradiated controls) from different studies in C57BL/6 and C3H mice after WTI. Full

references are provided in Supplementary Table 1.

from TGF-f gene expression measurements. They are also
almost entirely performed on C57BL/6 mice, which brings
uncertainties in linking such changes to meaningful and
relevant end points of delayed lung injury that can be
extrapolated to humans.®’%? The latter obstacles imposed by
using C57BL/6 mice apply to many other early subclinical
findings during the latent period including those that have
reported cytokine-mediated T-cell and macrophage immune
modulation,®>%° increased apoptosis,’® and indices of
oxidative stress.®” Studies on other mouse strains that are
closer to humans in being more susceptible to latent
pneumonitis can, however, yield more conclusive interpreta-
tions. Modifying radiation effects can further robustly
establish whether the early supra-acute events in the
irradiated lung are independent or have a causal relationship
with true radiation pneumonitis. In the case of using
pneumonitis-prone C3H/HeN mice, for example, bronchial
alveolar lavage (BAL) can show an inflammatory cellular and
cytokine response but this is subsided by the time of onset of
pneumonitis.®® Furthermore, treatment with dexamethasone
can temporarily suppress early radiation-induced pro-inflam-
matory cytokine gene expression but the drug course did not
modify the later pneumonitic process.®” Increased surfactant
levels in BAL from release by type 2 pneumocytes can
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similarly arise by 1 day after irradiation,”® but comparisons
among different mouse strains and other species as well as
with high LET neutron irradiation showed that it poorly
predicts changes in later pneumonitis-related mortality.”!

In considering how these mouse studies conducted at early
assay times can relate to later injury as also experienced in
humans, an important aspect that makes radiation effects
unique and very intriguing as compared with many other
cytotoxic insults to the lung is that it still takes months before
overt pathology and pulmonary dysfunction manifest. Also,
remarkable is that this symptomatically silent period is
followed by the rapid evolution of radiation lung injury as
an acute life-threatening inflammatory reaction rather than as
a gradual and continuing process. The lung can also be
compared with other normal tissues as the classical inverse
relationship between the rate of cell turnover and the time
one needs to wait before seeing expression of radiation injury
still stands.”> Much of the radiation damage appears to
emanate from the alveoli where the resident epithelial and
endothelial cells have a relatively slow renewal rate,”>~7® and
the delayed injury is more consistent with radiation steriliza-
tion through reproductive failure or cell senescence than
through early apoptotic cell death.”” In this context, there are
a number of papers in which severe lung injury leading to
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mortality can be brought forward as well as enhanced to
drastically shorten the latency period. This is typically
seen experimentally following the combination of lung
irradiation with cytotoxic drugs such as bleomycin and cyclo-
phosphamide’®”® as these drugs can elicit more immediate
cell damage in the lung followed by stimulated proliferation
and precipitation of radiation injury. A similar phenomenon
has been reported following the pretreatment with butylated
hydroxytoluene and only at a time when radiation was
delivered at the time of type 2 pneumocyte but not
endothelial cell proliferation.3® Other scenarios of accelerated
radiation injury to the mouse lung have been observed with
concomitant allogeneic graft vs host disease!” or influenza
infection®! and point to the necessity for experiments to cover
combined injuries in which the time course of pulmonary
pathology has been precociously modified beyond simple
dose enhancement of radiation toxicity.

DEVELOPMENT OF DELAYED AND STRAIN-DEPENDENT
MORTALITY

Approximately half of all research papers on mouse WTI over
the past 35 years have employed lethality as a presumed end
point of severe lung injury (61, 53, and 45% for studies
published in the 1980s, 1990s, and 2000-2015, respectively).
All had study lengths that exceeded 2 months out to at least
6 months and required sufficiently high radiation doses to
produce mortality. With respect to the radiation dose levels
used, some of these are disturbingly high in exceeding 15 Gy
as used in 50% of all WTT papers published in 2001-2015 and
84% of these were performed on C57BL/6 mice.

We have assembled the median survival time (MST)
estimates from a total of 41 articles in our database that
presented survival data and where the WTI treatment
produced an excess of 50% mortality. These values are
plotted in relation to the radiation dose in Figure 4 for male
and female C57BL/6, CBA, C3H, and C57L mice to provide a
number of insights as to how the MSTs depend on mouse
gender and strain. Overall, the survival data on C57BL/6 mice
come from the largest number of institutions that may
account for the greatest variability and stresses the need for
controlling other differences in experimental conditions
among the different laboratories such as radiation dosimetry,
type and field geometry, mouse age, microbiological status,
and animal vendor. The data points also confirm the use of
excessive radiation doses for WTI (above 15Gy) by many
investigators that can mask strain-related differences in
radiosensitivity, as exemplified by similar MSTs at a single
dose level of 18 Gy in BALB/c strain®? that is nevertheless well
recognized as having a high radiosensitivity from lethality at
doses as low as 10 Gy.0>80:8384 In gpite of the high variability
in the data as assembled from the different reports in the
literature, significantly longer and radiation dose-dependent
MSTs are seen in male as compared with female C57BL/6
mice (Figure 4a). This sex difference is substantiated also
within the same laboratory and study by Travis et al®> where
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the MST in males following 16 Gy WTI is lengthened from
females by a further 2 months. The presentation of radiation
dose-dependent MSTs for CBA, C3H, and C57L mouse
strains contrasted from C57BL/6 mice in showing less effect
of mouse gender (Figure 4b). The MSTs were also shorter
(corresponding to radiation pneumonitis) in these strains as
previously reported.””¢! The upward increase in MSTs in
CBA and C3H mice at doses of below 15 Gy corresponds to
the change from pneumonitis to an even later phase of pleural
effusions in these strains that will be discussed further below.

Figure 5 displays how the above radiation dose-MST
profiles according to mouse strain and sex compare with
latencies to radiation pneumonitis experienced in patients
receiving a range of absorbed UHBI doses to the whole lung®
and in rhesus macaques treated with graded doses of WTIL.!3
Of note is that the mean time to pneumonitis in UHBI
patients has a relatively wide range at each radiation dose as
would be expected from greater genetic and environmental
variations experienced in humans. Nonetheless, comparison
with the murine studies reveals that MSTs fall either within or
outside this range. The protracted MSTs in both female and
male C57BL/6 mice showed the largest difference while the
shorter latencies at low radiation dose in C57L mice
overlapped with the timing of pneumonitis in humans and
monkeys. Apart from further supporting our recent argument
that C57L mice are the closest to radiation lung damage in
primates,®>887 the similarities in latency provide a basis for
comparing similar underlying mechanisms that govern the
kinetics of radiation injury for more reliable preclinical
determination of predictive biomarkers and administration of
therapeutics.

ASCRIBING THE CAUSE OF MORTALITY AFTER LUNG
IRRADIATION

Our literature database was further scrutinized with attention
to how investigators witness and interpret the underlying
cause of lethal injury in mice after WTI. Very few perform or
document gross pathology on terminal animals that enter
respiratory failure. Instead, these papers relied on making
assumptions based on previous literature reports, and thus
the chronology of how researchers based their perceptions of
the types of lung injury as being responsible for preventing
survival merits thoughtful and critical analysis. Notably, the
earlier studies performed in the 1970s and 1980s were more
frequently applied to C3H and CBA mouse strains (Figure 2)
and, as already discussed, these justifiably focused on
radiation pneumonitis as being closer to modelling the same
pathology in humans under comparable wide-field irradiation
conditions. These strains are well described as exhibiting two
phases of respiratory dysfunction and mortality. During the
period of 3—6 months, the autopsied lungs of terminal CBA or
C3H mice consistently show extreme reddened consolidation
or ‘hepatization’ and marked increases in tissue mass together
with widespread and severe histological changes typical of
inflammatory pneumonitis.®’#8% On the other hand, the
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Figure 4 Median survival times (MSTs) of different mouse strains as a function of prescribed WTI dose assembled from different published studies. (a)
C57BL/6 male (closed symbols) and female (open symbols) were separately fitted using linear regression with 95% Cl envelopes to show significantly
longer MSTs in males at doses of below 20 Gy (P=0.015). Separate linear regression analysis of this data set on C57BL/6 mice did not show a significant
effect of age at treatment covering 6-28 weeks (P=0.632 and 0.343 for males and females, respectively). (b) Other strains (CBA, C3H/HeJ, C3Hf/Kam,
and C57L) showed less variation between separate studies and between sexes and produced similar MSTs at 15-20 weeks after WTI. Full references are

provided in Supplementary Table 1.
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Figure 5 Differing latencies to severe lung injury according to radiation
dose exposure to the whole lungs of mice (curves derived from Figure 4),
non-human primates, and humans. The C57L mice show the closest
overlap with the region of radiation pneumonitis in patients receiving
UHBI® as well as non-human primates (NHP) following WTI.'3

pathology as described in C57BL/6 mice has been more
ambiguous with many researchers (55% covering 1970-2015)
attributing mortality to pulmonary fibrosis. The switch to
using C57BL/6 over C3H or CBA mice at around the turn of
the millennium (Figure 2) coincides with publications that
addressed diverse radiation responses of the lung among
different genetic mouse strains. The most often cited papers
to support assigning C57BL/6 mice as being susceptible to
radiation-induced pulmonary fibrosis are those of Sharplin
and Franko®®°° and Dileto and Travis,”! which deserve
careful consideration as to the actual data that were presented.
These were primarily histological evaluations that did indeed
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document increased collagen deposition in C57BL/6 mice
after WTT that was absent in comparably treated C3H or CBA
strains. It is especially notable that the fibrosis was often
accompanied by inflammation typical of pneumonitis, in
which Dileto and Travis®! termed ‘fibrosing alveolitis’ and in
quantifying the area of the lungs presenting with fibrotic
lesions, the results were quite variable with an average of only
about 5% of the lung sections being affected in mice
experiencing respiratory failure that presage death. Similar
observations of focal and variable fibrosis covering a relatively
low percentage of the lung area have been confirmed in later
studies on this mouse strain.®3:92.93 While the early paper by
Sharplin and Franko®® categorized C57BL/6 mice as having
‘extensive fibrosis’, a subsequent paper from the same group
re-considered this definition as saying ‘the degree of fibrosis
was substantially less severe than in C57L/)".8% Both Sharplin
and Franko®®® and Dileto and Travis®! acknowledged that
the incidence and latency of mortality after WTI was similar
to another substrain of male C57BL/6 mice as first reported
by Down and Steel.>” In this latter case, however, no fibrosis
was observed histologically in terminal mice.

The literature contains a number of papers that have
assessed both mortality and the degree of fibrosis (from
histological quantification or hydroxyproline content) as a
result of WTI and many of these show only a coincidental
relationship. The connection between fibrosis and mortality
can be more confidently evaluated from seeing whether they
strictly follow one another under conditions of modifying
radiation effects. Table 1 lists the instances in which
therapeutic or genetic intervention can effectively dissociate
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Table 1 Situations of dissociation of radiation-induced pulmonary fibrosis from lethality in mice after WTI

Comparison Mouse strain Radiation dose Effect on lethality Effect on fibrosis Reference

WR2721 (Amifostine) treatment CBA 13-19 Gy Protection greater for late Less for late (>6 m) by hydroxyproline o4
(>6m) than early (<6 m)

WR2721 (Amifostine) treatment C3H 4-16 Gy (split dose) Protection greater for late Less for late (>6 m) by hydroxyproline 9

(>6m) than early (<6 m)

Reduced by histology and hydroxyproline 9%

Reduced by histology and hydroxyproline 9%

Reduced by histology and hydroxyproline %

Reduced by hydroxyproline 97

Reduced by histology and hydroxyproline %8

Reduced by histology %

avpe-deficiency C57BL/6 14 Gy None
anti-av86 mAb treatment C57BL/6 14 Gy None
rsTGF-BRIl-Fc treatment C57BL/6 14 Gy None
ICAM-1 deficiency C57BL/6 14-18 Gy None
PEG-AQE treatment C57BL/6 135Gy None
DF2156A treatment KK/HI 14 Gy None
A
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Figure 6 Pleural fluid levels at autopsy in individual terminal mice of 10
different strains following radiation treatments that include the whole
lung. The treatments include whole thorax irradiation (WTI), upper half
body irradiation (UHBI), and total body irradiation with syngeneic bone
marrow transplant rescue (TBI). Terminal animals with low pleural fluid
levels had increased lung tissue mass (>250 mg) indicative of lethal
pneumonitis while those animals presenting with effusions beyond

6 months had normalized lung weights (<250 mg). Five strains (BALB/c,
C57BR, A/J, WHT, and TO) showed a mixture of both early pleural
effusions and pneumonitis. The existing data are incidentally all from
male mice compiled from six separate studies.*”:61:6289107,108

mortality from fibrosis to denote that some other intervening
lethal pathology is involved.”*° For the studies performed
on CBA mice, the two independent phases of injury as
defined by elevations in breathing rate and mortality were
initially interpreted as pneumonitis that was then followed by
fibrosis beyond 6 months.!%7192 Subsequent studies, how-
ever, have consistently reported that CBA mice exhibit at least
very mild fibrosis, in contrast to observations made in C57
mouse strains.*”1:9%94 Autopsy examinations in irradiated
CBA mice show normalized lung tissue mass but the
appearance of large pleural effusions became the dominant
feature during the late phase.®!-8894
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THE COMMON BUT NEGLECTED PROBLEM OF PLEURAL

EFFUSIONS

Although there has been copious attention to pulmonary
fibrosis in irradiated C57BL/6 mice, only a few studies in the
literature have actually attempted to evaluate or consider the
role of pleural effusions on mortality in this strain. This is in
spite of early reports in the 1970s and 1980s of radiation-
induced pleural effusions in a number of mouse strains that
account for decreased survival>”:888994103-107 The intimate
relationship between pleural fluid levels and lung dysfunction
was rigidly tested in CBA mice during the late phase at
beyond 6 months and under radiation dose-effect modifica-
tion by the radioprotector amifostine and by protracted low-
dose rate irradiation.8®%* Other strains, however, respond
differently with time. Figure 6 gives a compilation of all
studies in which pleural fluid levels were quantified at the
time of autopsy in terminal mice. This includes data from 10
different mouse strains in radiation experiments conducted at
4 separate institutions to show high and debilitating levels of
pleural fluid (above 1cm’) in many of the animals. These
pleural fluid levels do not always follow measurement of lung
mass as an index of pneumonitis and identify mouse strains
that can be separated in having a relatively early incidence of
effusions (eg, BALB/c, WHT, TO, C57BR, and A/] mice)
while other strains show that effusions arise separately and
much later (eg, C3H/He] and CBA mice). Importantly, male
C57BL/6 mice fall in-between in having a mixed pleural
effusion and delayed pneumonitis as initially described by
Down'%® and subsequently confirmed by Jackson et al.®!
While previously categorized as being similarly susceptible to
fibrosis,” the C57L strain differs remarkably from C57BL/6
mice in exhibiting a very high sensitivity to radiation
pneumonitis with MSTs that fall within latency times and
radiation doses experienced by patients and NHPs (Figure 5).
C57L mice are also the only strain so far reported that do not
present with pleural effusions (Figure 6), at least for animals
that survive out to 9 months post WTL3¢ This mouse strain
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does indeed present with focal areas of pulmonary fibrosis
after the resolution of pneumonitis and while not lethal
appears to continually impair lung diffusion capacity
(DLco).!% Interestingly, C57L mice can be distinguished
from fibrosis-resistant C3HeB/Fe] mice in showing more
production of TGF-3.110

Incidentally, pleural fluid data as shown in Figure 6 so far
exist only for male mouse strains. Given that female C57BL/6
mice stand out as having a shorter latency to mortality as
compared with males (Figure 4a), it becomes especially
important to investigate whethere this is from accelerated
pneumonitis or pleural effusions or both.

From the above considerations spanning many decades of
research on thorax irradiated mice, it can now be established
that pleural effusion is a very significant complication that is
independently expressed from pneumonitis or fibrosis but
still has the cause and effect relationship in compressing the
lung to reduce its volume and producing increased breathing
rate and lethality. While histological analysis may appear to
provide more direct evaluations of pathological changes
within the lung, the lethal accumulations of pleural fluid may
seriously interfere with capturing the full development of
pneumonitis/alveolitis vs fibrosis. This intrusion therefore
compromises those studies in which pleural effusions are
neither considered nor documented yet still depend on
histological criteria to define genetic determinants of radia-
tion lung damage among different recombinant mouse
strains. 6+82,92,93,111

The actual origin of radiation-induced pleural effusions
remains elusive in spite of its high recorded frequency in mice
but some possibilities can be proposed and used as a basis for
future investigations. First, pleural effusions can be circum-
vented by shielding the left hemithorax and allow the full
spectrum of pathologies to develop unhindered in the
irradiated right lung and reveal a slower progression of
pneumonitis in male C57BL/6 as compared with CBA mice.*’
Localized irradiation of other regions of the mouse thorax,
while challenging, may isolate the cause of effusions. In the
study of Liao et al,'!? different radiation fields were used in
C3Hf/Kam mice and differences in regional sensitivity were
described that were assumed to be related to lethal
pneumonitis. This paper also noted that ‘pleural effusion
was often found in the sick animals when killed’ but the
implications of this finding were not discussed and it remains
unknown how its incidence varies according to the size and
region of the radiation-exposed thorax. Similarly, regional
irradiation of the thorax in rats have been performed and
pleural effusions have been described as occurring earlier than
in mice and where it is often accompanied by cardiovascular
disease and appears more prevalent if the heart is included in
the radiation field.!'>!'* Second, the incidence of pleural
effusion, while not prevalent, can occur in patients receiving
thoracic radiotherapy?®!'>!1¢ but has not been reported
following clinical UHBL.® The reasons for its relatively low
frequency following clinical radiotherapy remain uncertain
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but may perhaps be attributed to its prevention by standard
care of patients experiencing radiation pneumonitis such as
treatment with corticosteroids and this appears as a very
relevant and fruitful area of investigation in mice. The
occasional literature that does report radiation-induced
pleural effusions in humans points to impaired lymphatic
drainage of the pleural space.!'”"!1° The possibility that this
may be the culprit in generating effusions in mice is
supported by the recent observation in the female C57BL/6
strain of a decline in the density of lymphatic vessels of
subpleural and interstitial lymphatics following WTI.!2°
Finally, there is a clear impression from rhesus macaques
that pleural effusions accompany radiation lung injury after
high doses of WTL!3> How this relates to the origin of
effusions in rodents and whether this can be extrapolated to
humans has yet to be fully explored.

IMPLICATIONS FOR SELECTING THE BEST MODELS IN
THE PRE-CLINICAL EVALUATION OF THERAPEUTICS

Our survey of papers in the literature from 1970 to 2015
indicated that 56% of mouse WTT studies using mortality as
an endpoint also investigated putative radioprotecting (given
before or close to radiation treatment) or radiomitigating
agents (given post-irradiation). Those papers that investigate
mitigators are listed in Supplementary Table 2 to show that
62% of these have been performed on C57BL/6 mice. This
also shows that most (83%) terminate the experiments by
6 months and can observe a therapeutic effect as higher
survival at that moment in time but do not address longer
term toxicities. Ideally, a therapeutic should be proven to
actually prevent both pneumonitis and fibrosis using well-
defined and relevant end points and models. This has only on
rare occasions been demonstrated in CBA mice for radio-
protection by amifostine®»*> while the majority of survival
studies in C57BL/6 mice have not established whether the
treatment actually prevents a particular injury or has simply
delayed its expression to beyond the study period. Our survey
on mitigation studies also shows that nearly all are confined to
only one mouse strain. Only two reports have included strain
comparison (among KK, AKR, and C3H mice) and show that
the extension of MSTs upon treatment with imatinib
mesylate'?! or the CXCR antagonist G3IP'?? can vary 2- to
3-fold among the different strains.

The degree by which a therapeutic agent can alter the
radiation response of the lung should also be considered in
terms of how it depends on the radiation dose level as this
may vary according to the incidental exposure from a nuclear
device or to prescribed treatments in radiotherapy. The data
presented in Figure 4 already show how the survival times can
vary dramatically on changing radiation dose and that these
can encompass more than one type of pathology. For those
studies in which radiation mitigators have so far been tested,
only three, involving investigations on methylprednisolone in
CF1 mice,'?>1?* p-penicillamine in Sch(ICR)BR mice,'?> and
celecoxib in C3Hf/Kam mice'?® have employed more than
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one radiation dose level. A full appreciation of any modifying
effect can be accomplished in experimental study designs that
deliver graded radiation doses for each arm for construction
of dose-response relationships. Valuable quantitative para-
meters may then be obtained to evaluate how a particular
therapy affects both the position and slope of the curve with
estimation of dose-reduction factors (DRFs) and any given
level of biological effect. The application of statistically robust
curve fitting analysis such as probit or logit can additionally
provide guidance in designing studies using optimal dose
increments and manageable animal numbers.!?” While most
dose responses given for many types of normal tissue injury
have used lethality (eg, for derivation of LD30, LD50, and
LD70), iso-effect doses can be similarly generated from more
specific end points of lung injury, as demonstrated by the
radioprotective effects of amifostine on radiation dose-
dependent changes in breathing rate as well as mortality in
CBA and C3Hf/Kam mice.**9>102,128

While no results showing efficacy of any putative
therapeutic has yet been published in the C57L mouse strain,
more recent studies have argued that preclinical testing of
protecting or mitigating agents in C57L mice can be better
translated to effects in humans as compared with many other
mouse strains.'* In particular, the very steep dose-response
curve for mortality in C57L mice clearly reflects radiation
pneumonitis occurring at expected times and is positioned
close to the high sensitivity of the lungs as experienced by
UHBI patients (Figure 5). The fact that no incidence of late
mortality occurs after resolution of pneumonitis in surviving
animals, at least out to 9 months after WTI or TBI,®186:109
then this end point would need to be supplanted by non-
invasive functional and/or imaging assays and histology to
establish how any therapeutic effect can be extended to late
pulmonary fibrosis. A major and over-riding problem with
the utilization of C57L mice, however, is their very limited
availability and high cost that prohibits routine application in
research projects aimed at selecting the most promising
therapies for further testing in large animal models and
humans.

CONCLUSIONS AND AREAS FOR FURTHER RESEARCH

It is well recognized from clinical experience that intrinsic
variability among patients has a significant role in treatment
outcome and brings in the need to explore genetic factors that
determine the severity of radiation lung damage.!? The
diverse radiation responses of the lung according to mouse
strain have been emphasized from the 2008 CMCR workshop
to establish standardized animal models for assessing agent
efficacy in a number of relevant tissues and organs® and led to
the recommendation that at least two genetic strains be used
since it is presumed that they may represent the extremes of
the range of human lung responses to radiation damage.
Genetically inbred mouse strains also limit experimental
variability but the collective range of responses in those
strains so far studied may not necessarily emulate the
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heterogeneous nature of the human population. In the case
of the high lung radiosensitivity of C57L mice relative to
many other mouse strains, the timing and radiation levels to
produce lethality appear to be the closest to the average
responses seen in both adult humans and NHPs (Figure 5). In
coming to the title of this literature review on radiation lung
models in mice, what is the good, the bad, and the uncertain?
Before answering such a question we should always keep in
mind that while no particular animal model is ideal, we can
still rationalize that some are less ideal than others. The least
ideal model may therefore be considered as generally ‘bad’
and this is reasoned to be radiation lung studies using mouse
strains and end points that do not fully account for long
delays in expressing pulmonary injury as well as a variable and
complicated picture of mixed pathologies that include pleural
effusions. As already conceptualized by Jackson et al,%% this
problem may indeed lead either to an over-estimation of a
therapeutic effect by preventing lethal but less relevant pleural
effusion or to an under-estimation if pleural effusions
continue to shroud true prevention of radiation injury within
the lung. Nonetheless, the unusual prolongation of radiation
pneumonitis in male C57BL/6 mice as best shown in regional
lung irradiation studies is a fundamentally important
phenomenon that may prove useful in resolving the
pathogenesis of radiation damage to the lung. It is less clear
how female C57BL/6 stands on differing latencies as there
is so far little understanding as to how the timing of
pneumonitis and/or pulmonary fibrosis develops in relation
to effusions. Overall, females appear to show a shorter course
to lethality by about 2 months (Figure 4a) that bring them
closer to what we would expect in humans. A crucial question
is to whether the earlier incidence of mortality in female as
opposed to male C57BL/6 mice is from accelerating
pneumonitis forward in time that better separates this from
pleural effusions and would therefore makes this a more
acceptable preclinical model. No clear sex differences in terms
of MSTs are seen for CBA, C3H, or C57L mouse strains
(Figure 4b) and no dramatic gender effect on radiation lung
toxicity has yet been documented in patients receiving
systemic radiotherapy. For patient cohorts given localized
thoracic radiotherapy, female gender was significantly pre-
dictive of radiation pneumonitis in some but not in all
studies.!30-134

Another ‘bad” aspect identified from this literature review is
the high reliance on the lethality end point in the majority of
mouse lung studies and where it is used as the primary criteria
for evaluating therapeutics. This has, in part, been encouraged
by interpretations of the FDA ‘Animal Rule’ wherein it states,
and with some ambiguity, that ‘“The animal study endpoint is
clearly related to the desired benefit in humans, generally the
enhancement of survival or prevention of major morbidity’.* We
found that the majority of these research articles (75%) made
presumptions on the cause of mortality but without
establishing through pathology on terminal animals what is
actually responsible. This is exemplified by the frequent

945


http://www.laboratoryinvestigation.org

Murine models of radiation lung injury
MB Dabjan et al

assumption that pulmonary fibrosis is the leading cause of
mortality in C57BL/6 mice while there is little to support this
from those studies that follow autopsies on mice entering
respiratory failure. Moreover, there are a number of other
examples of mouse studies that dissociate lethality from direct
assessments of fibrosis upon modifying radiation damage
(Table 1). A ‘good’ approach is to replace lethality as a
primary end point with the application of non-invasive,
quantifiable and lung-specific measures of radiation injury in
addition to histopathology. This can be met by assays of
breathing rate and CT lung density that provide well-defined
radiation dose—response curves and estimation of iso-effect
dose values for different treatment scenarios.5!:86:88:94,100,102
In keeping with the spirit of the three ‘Rs’ of animal
experimentation,'> these end points enable a refinement of
animal use as well as being transferable to the clinical
evaluation of lung injury in humans. In addition, the lower
biological variability in C57L, CBA, and C3H mouse strains
together with a reconsideration of statistical analysis to
radiation dose—response curves'?” can allow the reduction of
treatment group size and relieves the burden of performing
resource-intensive indices of radiation lung damage. In
recognizing the C57Ls as the ‘good’ and so far the most
desirable to be considered in pre-clinical testing, investigators
are still faced with the logistical problem of obtaining
sufficient numbers of this strain to meet their research
objectives as these mice are renown in having limited
availability as well as high purchase costs. The C57L strain
is not alone in having a high sensitivity as BALB/c mice are
recorded to have a comparable low LD50 at 6 months
following WTI6280:8284 that is most likely attributed to a
general deficiency in DNA repair through lowered DNA-PK
activity.!*® BALB/c mice should, however, be used with
caution in that they also bring a problem of early pleural
effusions (Figure 6).5 One recent paper on the FVB/N strain
suggests a similarity with C57L mice in showing both lethality
from pneumonitis at doses as low as 12 Gy followed by
fibrosis at 11 Gy.'¥” This may therefore be worthwhile to
investigate further as a possible alternative in being both more
readily available and as a background on which many
transgenic mice are created. Studies on CBA or C3H mice
are also reasonable strains for use in preclinical lung studies in
at least showing a discrete pneumonitis while later effusions
still need to be carefully monitored as an independent feature
that diminishes the relevancy of the model to humans. Apart
from being routinely available from routine vendors, CBA
and C3H mice can be used that model a higher resistance
to radiation pneumonitis with little subsequent pulmonary
fibrosis.

Without retracting from the need to properly extrapolate
data obtained from mice to humans, the wide range and type
of radiation responses that cover the breadth of many mouse
strains can provide a valuable platform for mechanistic
studies and in resolving key genetic, cellular, and molecular
determinants. Lung studies on mice with specific genetic
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modifications have clearly become a powerful experimental
tool in this endeavor but nearly all are unfortunately on the
‘standard’ C57BL/6 background strain where it remains
unclear how the addition and deletion of genes in comparison
with wild-type control mice can offer a reliable interpretation
of the data with full consideration of the different types of
pathology that determines the outcome. Pending a much
needed and more complete characterization of earlier
expression of radiation injury in female C57BL/6 mice, a
compromise may be reached by restricting genetic studies to
this gender. Another possible solution to bringing in
transgenic traits into a radiation lung model is to use F1
hybrid mice derived from C57BL/6 X C57L breeding after first
establishing whether the desired radiobiological phenotype
from the C57L parent is sufficiently retained. This hybrid
cross could also possibly overcome the low breeding
performance of the inbred C57L mouse strain. Regardless of
what particular mouse strain or genetic manipulation thereof
is selected, there is still the desire to avoid the intrusion of
lethal pleural effusions. This can be accomplished using
unilateral hemithorax irradiation where the full spectrum of
lung injuries can be continuously monitored from available
functional and imaging methods as well as from standard
histopathology.*>™*7 The more localized radiation treatment
of the lung also better simulates the conditions as encoun-
tered in oncology patients receiving targeted radiotherapy to
the thorax. Further improvement of the mouse model in this
instance has come from the arrival of small animal image-
guided X-ray platforms!'3®13° as these can provide more
precise irradiations of different volumes and regions of the
lung and address topical issues of interest to altered lung
tolerance in radiation oncology patients.?=28

To summarize our conclusions gathered from reviewing as
extensively as possible the current literature on radiation
injury to the mouse lung, we come to the overall impression
that experimental studies on C57BL/6 mice are often
popularized but with the misconceptions that radiation-
induced pulmonary fibrosis is the primary clinical concern
and that this leads to ultimate mortality after WTL
Furthermore, we have provided a chronologic account as to
the changing trends in selecting a particular mouse model and
that these changes do not necessarily meet the need to have
the most clinically relevant end points. In this context, we can
identify C57L, CBA, and C3H strains as pneumonitis-prone
mouse models that currently provide a reasonable representa-
tion of pulmonary complications in humans after whole lung
irradiation. It is less certain how the utility of the radiation
lung model in either male or female C57BL/6 mice stands in
generating preclinical data and demands greater diligence in
evaluating the various types of tissue injury as they impact on
any particular end point. Future comparisons among all these
and other genetic strains using existing non-invasive assays of
pulmonary pathophysiology can additionally provide oppor-
tunities to explore the key phenomena that determine lung
radiosensitivity and to finally address the long-standing

Laboratory Investigation | Volume 96 September 2016 | www.laboratoryinvestigation.org


http://www.laboratoryinvestigation.org

question as to how acute pneumonitis and later chronic
fibrosis follow along proposed mechanistic principles and
whether they are truly inter-connected.

Supplementary Information accompanies the paper on the Laboratory
Investigation website (http://www.laboratoryinvestigation.org)
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