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ABSTRACT

Animal modelling is essential to the study of radiobiology and the advancement of clinical radiation oncology by
providing preclinical data. Mouse models in particular have been highly utilized in the study of both tumour and normal
tissue radiobiology because of their cost effectiveness and versatility. Technology has significantly advanced in
preclinical radiation techniques to allow highly conformal image-guided irradiation of small animals in an effort to mimic
human treatment capabilities. However, the biological and physical limitations of animal modelling should be recognized
and considered when interpreting preclinical radiotherapy (RT) studies. Murine tumour and normal tissue radioresponse
has been shown to vary from human cellular and molecular pathways. Small animal irradiation techniques utilize different
anatomical boundaries and may have different physical properties than human RT. This review addresses the difference
between the human condition and mouse models and discusses possible strategies for future refinement of murine

models of cancer and radiation for the benefit of both basic radiobiology and clinical translation.

INTRODUCTION

The study of radiation biology has been much advanced
through the use of animal models, with many basic tenets
of the field derived from animal experiments. A well-
known example is the use of rams by Regaud and Nogier'
to investigate the ability of fractionation to spare normal
tissue. Experiments in preclinical models have been used
for decades with the premise that they will give scientists
and clinicians more insight in disease processes and assist
in the development of efficient and effective strategies to
prevent, cure and mitigate cancer and radiation effects.
Preclinical models are also useful to test novel drugs and
combination therapies prior to the expense and risk of
human study.>”

Animal models may not only prevent the exposure of
humans to harmful substances, they have proven essential
to dissect molecular and physiological mechanisms of ra-
diation response. We continue to discover new pathways
and molecules that govern cancer growth and the in-
teraction between cancer cell and intervention. In the field
of medicine, the use of knock-out mice has given un-
precedented information in molecular biology that has led
to more specific diagnostic tools and the identification of

many targets for drugs.” These “mechanistic” experiments
are an essential way to move from in vitro experiments,
including more recent spheroid, organoid and organ-on-
chip models to human trials. The use of mice in studying
tumour response to potential therapies has become a typi-
cal part of an oncology pipeline. Recent consensus work to
promote oncologic discovery has championed the evalua-
tion of novel drug-radiation combinations,” and such
preclinical work will predominantly use mice in preclinical
testing.

Mouse studies of radiation effects on tumour biology have
increased the field knowledge about the effect on the tu-
mour microenvironment, including cytokine and immune
cell response to radiation which affects the overall
tumour response.® Modelling tumour and normal tissue
biology has grown beyond evaluating the tumour re-
sponse of an isolated malignant human cell, but con-
siders the supporting vascular supply, host immune
system and infiltrating non-malignant cells. Thus, an
in vivo mouse radiation model is limited by dissim-
ilarities between rodent and human microenvironments.
Likewise, as human radiation treatments have become
more complex, modelling conformal therapies becomes
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a concern. Table 1 summarizes considerations with small
animal radiotherapy (RT) models.

POOR TRANSLATION OF CURRENT PRECLINICAL
MODELS INTO CLINICAL TRIALS

The predominant animal model used in radiation oncology
research is the mouse—because of low cost, easy handling and
ability to manipulate the phenotype and genotype. However, the
vast majority of studies noting promising therapies are not
replicated in humans.” It is clear that we are facing a qualitative
as well as a quantitative problem in translating preclinical work
to successful standard treatments. A systematic review showed
that the methodological quality of 76 animal trials for a variety
of conditions including cancer with a median citation of 886 was
below quality standards for clinical studies.” Not a single report
fulfilled all quality criteria on dose response, “clinical” out-
comes, long-term outcomes, disease spectrum, physiological
monitoring, safety outcome, optimal time window, blinding,
adjustment for multiplicity and randomization. Of these 76
studies, only 28 (37%) studies were replicated in human ran-
domized trials. 14 of the 28 (50%) studies were contradicted by
randomized trials. A large portion of the reviewed animal pre-
clinical studies (34 of 76 or 45% studies) remains untested. No
study attribute was predictive for translation to humans, except
studies incorporating dose-response relationships for treatment
interventions (mostly drugs) (overall survival 3.3; 95% confi-
dence interval 1.1-10.1). The median time to replication was
7 years (range, 1-15 years). Eight replicated interventions were
subsequently approved for use. Neither in cancer, nor in non-
malignant conditions such as inflammatory disease or stroke,
the majority of preclinical findings could be reproduced in
subsequent trials in humans.*” Several studies have noted this
gap in successfully translating preclinical findings into positive
findings in human studies.”'®'* One such study by Denayer
et al'? describes strategies to increase the productivity of pre-
clinical research, including back translation of unexpected
clinical findings to improve animal modelling, inclusion of

Table 1. Considerations with small animal radiotherapy models
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“clinical-trial like” end points (survival, quality of life) and
model humanization. Another highlights the need to match end
points to the clinical goal and potential mechanism of combined
radiation and drug combination, as well as the importance of
standardization in reporting."’

LIMITATIONS OF MOUSE TUMOUR MODELS

There is no doubt that experimental tumour models have
contributed significantly in the understanding of molecular and
other mechanisms of cancer development and treatment. Nev-
ertheless, it has also been increasingly acknowledged that some
fundamental shortcomings of preclinical models preclude the
direct translation of these results to humans.

Classical xenografts still allow a rapid analysis of a hypothesis for
there is an unlimited source of tumour cell lines available.
However, when preclinical tumours are established from cul-
tured cell lines, the heterogeneity of human cancers is lost to
a great extent."> Tumour cell lines have been grown in vitro for
many years and hence may have altered characteristics compared
with de novo tumours. In vitro culturing of cancer cells may
introduce additional stress that lead to changes in the genotype
and the phenotype of tumour cells."*™® In addition, in these
xenografts, the human microenvironment is not reproduced.

In an attempt to produce more realistic tumour models, patient-
derived xenograft (PDX) models have been developed. Fresh
cancer tissue is implanted orthotopically, subcutaneously or
under the renal capsule of immunodeficient mice. Histologically,
these PDX models show a similar architecture and stroma as the
original tumour.'”'”'® The intratumour heterogeneity is pre-
served, such as chromosomal copy numbers, single-nucleotide
polymorphisms and gene expression profiles. The orthotopic
implantation may better mimic the human environment in
which tumours originated and progressed. These orthotopic
PDX models can be used to predict the drug response of
the patient tumour.'”*” However, orthotopic implantation is

Concern

Explanation

Biological

Treatment naive animals

Mutational stress caused by heavily pre-treated human cancer

Immune status

Immune system part of radiation response

Inherent biology differences

Molecular biology differences between mouse and human

Physical

Field size

Dose accuracy

Similarity to human anatomical borders

Radiation dose/fractionation/dose rate

Radiobiology differences

Irradiator energy differences

kV planning software for accurate dose prediction

Animal setup

OAR

Anaesthesia: air mix

Radiation QA procedures

Frequency of testing

kV, kilovoltage; OAR, organs at risk; QA, quality assurance.
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technically difficult and the processing of the surgical fragments
cumbersome. Obviously, a single human tumour is only a lim-
ited source of material. PDX models have the disadvantage that
the immune component and the vasculature of the tumour is
still of host (mouse) origin and hence do not perfectly reflect the
human situation.

Genetically engineered mouse models (GEMM:s) display specific
mutations in somatic cells that underlie human cancer, such as
a p53 mutation in lung cells leading to non-small-cell lung
cancer.”** This allows study of defined mutations in the de-
velopment and progression of tumours. The tumour microen-
vironment is representative of the cancer and it is possible to
study the specific mutations in mice strains with a variety of
genetic backgrounds. At the moment, it is possible to study
simultaneously only a limited number of genes that are usually
not representative of the full heterogeneity of the tumour. The
development of the tumour may be slow and variable. Again, the
tumour and its microenvironment are of murine origin and so
do not fully mimic the human situation. Lastly, the cost of these
GEMMs may be limiting.

Humanized in vivo models have been produced by engrafting
a functional human immune system in a small animal.'"* The
most popular model is the bone marrow, liver, thymus model,
which is established by subrenal capsule implantation of fetal
liver and thymus fragments and iv. injection of autologous
haematopoietic stem cells derived from the same fetal liver
donor. This model allows the most robust human immune
system engraftment. When implanting tumours of individual
patients and transplanting the immune system of the same pa-
tient in mice, it is hoped that the resulting tumours would nearly
completely resemble the human donor. It remains an open
question what the advantages and the disadvantages of these
models are, and improvements are still being made, e.g. by
reducing the mouse innate immunity, enhancing the human
innate immunity and enhancing the human adaptive immu-
nity, to generate class switching and immunoglobulin G antibody
production.

CONTRIBUTION OF RADIATION TECHNIQUE TO
MODEL RESPONSE

In addition to the difficulties in matching human biology to
that of the mouse, we must recognize that the radiation
treatments used in the mouse are often quite different than
their human counterparts.>® Just as drug doses are often much
higher in preclinical studies, radiation studies are often single
fraction or severely hypofractionated. It is known that differ-
ent fractionation schedules and doses change the hypoxia
fraction and repopulation of tumour cells.”* Even treatment
setup can be a factor, as irradiation under anaesthesia has been
shown to have some effects on the alpha/beta ratio, again
likely through radiosensitization of the anaesthetic: oxygen
mixture.”” Consequently, it is now more common to use
a mixture of air and anaesthetic to prevent this manipulation
of tumour biology. Injectable anaesthesia has also been shown
to affect radiation response in mice, potentially related to
energy metabolism and hypothermia in the anaesthetized
animal.*®

The physical properties of the irradiators can also produce bi-
ologically relevant differences in the mice compared with human
irradiators. Laboratory irradiation until recently typically used
kilovoltage or radioisotope irradiators (e.g. caesium-137), with
simplistic irradiation techniques compared with today’s human
radiation therapy equipment. Traditional cabinet-type irradiators
have a fixed radiation source and minimal beam-modulating
capabilities, often in the form of simple static shielding techni-
ques.”” With these irradiators, an excess of normal tissue is in-
cluded in targeted fields and only uniform dose distributions can
be administered to the target structures. While targeting of a flank
tumour or bilateral lungs is feasible with this equipment, the
study of hippocampal®® or penile bulb radiation injury* requires
a much more elaborate technique. Modern advances in small
animal irradiators have allowed partial animal irradiation,’® image
guidance,”" arc therapy’> and even respiratory gating’ in small
animal RT. Figure 1 offers an example of a small animal irradiator
capable of highly conformal treatment and on-board imaging,
including bioluminescence. While these technical feats bring us
closer to the conformality and targeting of human treatment,
we must remember that the small animal irradiators have key
differences in physical properties with their linear accelerator
cousins.

Research irradiators housed in laboratory settings use lower
photon energy than clinical equipment, whether kilovoltage
(225kV) or caesium-137 (662keV), while modern linear
accelerators deliver photon beams with energies between 4 and
25MV. Lower energies have a less build-up effect, delivering
100% dose at the skin with steeper absorption in the tissue
(Figure 2). In addition, the photoelectric absorption is greater at

Figure 1. A typical modern small animal irradiator imaging
system (XRAD-SmART, PXi, Branford, CT) consisting of
a heavy-duty X-ray tube equipped with precision collimators,
a precision automated animal stage, a high-resolution X-ray
imaging panel mounted opposite the X-ray tube and an optical
camera for bioluminescence measurements.

§ X-ray tube

.
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lower energies. This differential can cause greater dose hetero-
geneity between low and high atomic number media and
requires that accurate treatment planning use dose calculation
algorithms specifically designed for the energy treated. Most
modern image-guided precision irradiators use 225-kV photons,
since these are a good compromise between a not too steep dose
fall-off with depth and very sharp beam penumbras, allowing
optimal sparing of sensitive tissues. In addition to differences in
radiation dose distributions, the lower energy kilovoltage radi-
ation employed in modern animal irradiators may also cause an
increase in relative biological effectiveness (i.e. radiation quality)
compared with megavoltage photons employed in RT.**

Field size, penumbra, inclusion of normal tissue and differences
in radiation quality must be carefully considered when using an
animal to model radiation effects. Unintentional vascular, mar-
row or other critical organ inclusion can result in response that
may not accurately mimic human response because of the in-
terplay between all these components of radiation injury. Very
small field sizes become a potential concern, as the accuracy of
dose prediction decreases with field sizes <2 mm.”>*¢

In addition, we should consider that human radiation therapy
machines undergo extensive quality assurance (QA) to ensure
that every treatment is within 5% accuracy. Detailed annual,
monthly and daily QA is performed to meet this standard.
Animal irradiators have less guidance for the frequency and type
of QA performed, with the result that delivery of radiation may
not be as accurate as reported.”” With the advent of partial
irradiation techniques for animal models, targeting also becomes
a necessary part of QA but is not standardized, leaving each
laboratory to determine what level of testing is sufficient for the
experiment at hand.

MICE AS HOSTS—REASONS FOR THE
“TRANSLATIONAL GAP”

An obvious reason for the disparity between preclinical experi-
ments and the subsequent implementation in the clinic is the
biologic difference between mice and humans. As an example that
is instructive for immunology, haematopoiesis in the mouse

Figure 2. Variation in the percentage of dose delivered by
tissue depth. Higher energy results in lower dose at the skin
surface and less attenuation at depth.
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spleen is active into adulthood, whereas in humans, this ends
before birth.**~** The use of splenic lymphocytes as is standard in
preclinical research should be interpreted in this context. In the
context of targeted therapy, it is important to know that targets
such as fms-related tyrosine kinase-3 (flt-3) and toll-like receptors
are distributed and regulated differently in mice compared with
humans. Haematopoietic stem cells are flt-3 negative in mice and
flt-3 positive in males; toll-like receptor-3 is induced by lipo-
polysaccharide in mice, whereas this is not the case in humans
and toll-like receptor-9 is expressed on all myeloid cells in mice.

Acute inflammatory stress from different causes results in highly
similar genomic responses in humans, whereas the responses in
corresponding mouse models correlate poorly with the human
situation.*’ The correlation between human and mice burn,
endotoxemia and trauma was only 0.08, 0.05 and 0.00, re-
spectively. HLA class II histocompatibility antigen: DR alpha
(HLA-DRA) was upregulated in mouse burn and trauma, but
not in endotoxemia, whereas HLA-DRA was mostly more than
two orders of magnitude downregulated in humans in all three
inflammatory conditions.

Moreover, tumour cell lines have been grown in vitro for many
years and hence may have altered characteristics compared with
de novo tumours. These tumour cells are implanted sub-
cutaneously in mice and tend to grow rapidly and thus do not
mimic the much slower doubling times of most human cancers.
This faster tumour growth may lead to a higher sensitivity for
most chemotherapy drugs and hence erroneous conclusions.
Moreover, ectopic-implanted tumours may respond differently
to treatment compared with tumours grown in an orthotopic
site. Metastases frequently show other responses than primary
tumours in patients, and it is only recently that these effects
could be mimicked in GEMMs. Tumour-bearing mice are often
treated with drug doses, or with pharmacokinetics, that are not
relevant to humans.

An often neglected reason for the translational gap is that nearly
all preclinical models have not used tumours that were pre-
exposed to another therapy, whereas in many Phase I and Phase
II clinical trials, only patients who show tumour progression
after one or more systemic treatments are included.

Specifically for radiation therapy, most preclinical series deal
with single-fraction irradiation of subcutaneous tumours with-
out any imaging. In normal tissue research, generally very large
volumes are treated with radiation dose distributions that are by
no means representative o the real clinical world, where typically
only small volumes of organs at risk receive high doses, whereas
large volumes get low doses. The strong dose—volume de-
pendency of radiation effects thus makes most preclinical radi-
ation dose—volume relations quite unreliable.

ADVANCES IN MOUSE MODELS—HOW TO FILL
THE “TRANSLATIONAL GAP”?

An expert panel that convened in 2011 evaluated radiation on-
cology trials with negative results. This workshop “Lessons
Learned from Radiation Oncology Trials”** concluded that
preclinical studies must conduct at least in vitro clonogenic assay
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and contact the Radiation Research Program at the US National
Cancer Institute (NCI), which is coordinating the preclinical and
clinical studies for multiple targeted agents combined with RT in
panels of human cancer cells, before embarking on combinatorial
therapies and generate in vivo data using different human cancer
xenograft models. Orthotopic models are encouraged. One exam-
ple study of effectively utilizing small animal-targeted irradiation
in an orthotopic model is that of Yahyanejad et al,*’ who used
UB7MG glioblastoma cells orthotopically injected into the mouse
brain. After CT-documented growth, tumours were irradiated us-
ing a partial brain technique conformal to the tumour. Comparison
of sham, temozolomide and radiation combination therapy showed
the efficacy of this model in reproducing the synergy of combi-
nation temozolomide and radiation.

Biomarkers should be an integral part of preclinical research in
order to develop and validate tumour microenvironment-predictive
biomarkers as well as for sensitivity to molecular-targeted therapies.
“Clinically-ready” pharmacodynamic read-outs and robust imaging
methods for tumour identification, segmentation, and character-
ization should be used across institutions.

Moreover, the recent improvements in animal models provide
unique new, although expensive, opportunities.* Both specific
and multiple novel mouse models as well as the read-out
methods are better but cost more than the simple models that
were used in the past. The knowledge of the genetic background
has led to the standardization and deep characterization of
traditional strains and the generation of genetically diverse
inbred and outbred strains. It is now possible to incorporate
environmental factors such as diet, physical activity and
microbiome in the models. Computational modelling allows
getting an insight into gene—gene interactions and gene—
environment interactions. Genome engineering and deep
phenotyping is now reality.

In our view, there should be a direct bilateral link in preclinical
models to the molecular characteristics of the human condition
and that of the appropriate mouse strain. As an example, in
a preclinical model of dendritic vaccination in a mouse glio-
blastoma model, the ratio between the T-lymphocyte subtypes
type 1 helper (THI1), regulatory (Treg) and type 17 helper
(TH17) were significantly related to survival.** In human glio-
blastoma, only the TH17-associated metagene was related to the
prognosis. In order to increase the translation ability of the
preclinical model to males, only effects on TH17 should be
considered relevant and optimized instead of obscuring the
preclinical model by including non-relevant parameters for the
human condition (Table 1).

ADVANCES IN SMALL ANIMAL IRRADIATION

The best strategy for the use of small animal irradiators is to
have a thoughtful QA plan performed on a routine basis and to
perform spot dosimetry as needed for technically complex plans.
Multiple examples exist in the literature of QA regimens for
initial commissioning and routine maintenance.*>™*" Key ele-
ments are QA testing for dose rate constancy, imaging quality
and targeting localizations that are performed on a regular basis.
More advanced dosimetry techniques for small animal research
may be based on using an imaging panel, in analogy with portal
dosimetry in RT.**** Recently, some advances were reported on
motion management™ and beam gating,” as well as progress in
imaging, e.g. bioluminescence,”"”* optical imaging and dual-
energy CT.”” These techniques, fully integrated in the novel
precision irradiation cabinets, will be required to allow sophis-
ticated radiation research that can be translated to the hu-
man level.

CONCLUSION

Obviously, the ideal mouse model does not exist. All models
have drawbacks and never reflect the full range of complexity of
the tumour and the host of patients. However, successful
translation (which is different from fundamental studies) will be
in our view best secured when features that are appropriate for
a certain research question in patients are selected, e.g. genetic
response of an organ to radiation. It should be investigated
which mouse model (tumour or normal tissue) displays similar
features as the ones in humans for that particular feature. Pre-
clinical studies should be performed in these models with a loop
to the patient and back.**> This can be performed by consid-
ering the biology which needs to be represented in the model,
tailoring the physics of the irradiation as close to the human
situation as possible and acknowledging the limitations that
cannot be overcome. We recommend the generation of in-
ternational guidelines to create standards in performing and
reporting preclinical radiation studies.
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