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The role of mouse tumour models in the discovery

and development of anticancer drugs
Christopher R. Ireson1, Mo S. Alavijeh1, Alan M. Palmer2, Emily R. Fowler1,3 and Hazel J. Jones4

Our understanding of cancer biology has increased substantially over the past 30 years. Despite this, and an increasing
pharmaceutical company expenditure on research and development, the approval of novel oncology drugs during the past decade
continues to be modest. In addition, the attrition of agents during clinical development remains high. This attrition can be
attributed, at least in part, to the clinical development being underpinned by the demonstration of predictable efficacy in
experimental models of human tumours. This review will focus on the range of models available for the discovery and development
of anticancer drugs, from traditional subcutaneous injection of tumour cell lines to mice genetically engineered to spontaneously
give rise to tumours. It will consider the best time to use the models, along with practical applications and shortcomings. Finally,
and most importantly, it will describe how these models reflect the underlying cancer biology and how well they predict efficacy in
the clinic. Developing a line of sight to the clinic early in a drug discovery project provides clear benefit, as it helps to guide the
selection of appropriate preclinical models and facilitates the investigation of relevant biomarkers.
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BACKGROUND
Fundamental to the discovery and development of anticancer
drugs is the ability to model tumour growth, recapitulating
elements and characteristics of the human disease in mammalian
organisms, and to demonstrate measurable effects of an antic-
ancer drug. A drug can be defined, in its broadest sense, as a
substance intended for use in the diagnosis, cure, mitigation,
treatment or prevention of disease. Drugs for the treatment of
cancer range from cytotoxic agents, e.g. cisplatin, to the biological
therapeutic Keytruda (pembrolizumab). Rodents, primarily mice,
have been extensively used to increase our understanding of the
aetiology and pathophysiology of human cancers, including
phenotypic characteristics or hallmarks,1 as well as to facilitate
the pharmacological evaluation of existing and potential new
medicines.2

The success of models critically depends on the extent to
which the positive efficacy data attained preclinically are
predictive of efficacy in the clinic. In a review of oncology trials
carried out in 2014, it was shown that a lack of validated
preclinical models or an unclear disease linkage, defined in the
simplest sense as a lack of association between the specific
target and the disease state, was the most common reason that
a drug failed to demonstrate clinical efficacy.3 A significant
reduction on return of investment in the pharmaceutical
industry was measured between 2010 and 2015,4 supporting
the need to improve attrition rates, which are much higher for
cancer than for other therapeutic areas. Indeed, attrition is
substantial in the development of cancer therapeutics, with 95%
of agents that enter phase 1 of clinical development, failing to
gain market authorisation.5 These figures can be partly

attributed to the poor predictive value of conventional
preclinical models. Inadequate models will also inevitably lead
to increased development times for new anticancer medicines,
which, in turn, delays the provision of effective therapies to
cancer patients, further underpinning the need to improve upon
the status quo.
Careful consideration needs to be given to the validation and

characterisation criteria of the models used. This will increase
confidence in the models' applicability to disease and the
potential for drug candidates to be translated into an effective
medicine. Work in the field of animal models of psychiatric
disorders has led to the classification and definition of criteria of
model validation, and these principles can be applied to oncology.
The general validity of a model has three components: first, face
validity (phenomenological similarity to the modelled condition);
second, construct validity (the model has a sound theoretical
rationale); and third, predictive validity (prediction of efficacy in
the clinic).6 Clearly, the best proof of a model’s value is its
predictive validity.
Preclinical models have value across the discovery and

development pipeline, initially building confidence in target
biology (e.g. proof of mechanism), then understanding functional
modulation and impact on tumour growth before defining the
line of sight to the clinic. Simple models, such as subcutaneous
models (xenografts or syngeneic), are crucial in the discovery
phase, ensuring that the molecules have the appropriate
pharmacology and activity in a biological system. Once drug
candidates have been selected, more complex preclinical models
become essential, providing an efficacy signal of sufficient
magnitude to permit progression into clinical evaluation. Typically,
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evidence for efficacy comes from a range of models, rather than
from a single model, and is defined by the biology of the target
and the primary indication.7

Another key element in drug development in oncology is the
increasing focus on patient selection. Preclinical models help to
identify and validate associated biomarkers that can be used to
select and/or stratify patients or as pharmacodynamic (PD)
biomarkers to measure the biological effect of drug candidates. It
is important to identify biomarkers as early as possible in the drug
discovery programme; for example, a number of genetic strategies
have been used to address this challenge, including single-
nucleotide polymorphism sequencing and next-generation
sequencing.8 The identification and validation of biomarkers
extend through preclinical development, and when used to
determine the efficacy of drug candidates (usually defined as
tumour growth inhibition or regression), build sufficient evidence
to enable clinical development.
Extensive research by both the academic and pharmaceutical

communities over the past 30 years has greatly increased the
range of mouse tumour models available. This review will focus on
(i) the range of models available during the discovery and
development of anticancer drugs, (ii) how these models add value
to the drug discovery process and (iii) how, when selected and
used appropriately to address the specific study aims, they can
reduce the risk of failure in a tumour medicine research
programme. It will cover both the use of simple and complex
preclinical models, with a specific focus on their application to
metastasis and tumour heterogeneity.

IDENTIFYING AND SELECTING PRECLINICAL MODELS
Firstly, the clinical setting, albeit constantly evolving during the
course of the drug discovery project, should be clearly
identified, including the patient population to be treated within
a disease indication. Selecting the appropriate preclinical model
that reflects this identified patient population, combined with
good experimental design, will ensure that the results provide
evidence to progress towards clinical development. Each of
these models have advantages and disadvantages, as described
in Table 1.
Model selection, dosing and scheduling can be underpinned by

earlier work, including analysis and evaluation of a broad panel of
cell lines in vitro (e.g. the catalogue of somatic mutations in cancer
(COSMIC) cell line project9), next-generation sequencing of
tumour samples and analysis of clinical data sets. Models are
firstly selected with a particular molecular subtype/proof-of-
mechanism biomarker that is appropriate to the target, and how
they reflect the pathology of the human disease. Target selection
and preclinical validation, underpinned by an understanding of
target expression in clinical tissue, can be facilitated by the use of
simple subcutaneous or orthotopic models (Fig. 1). These models
can either be xenografts or syngeneic, using immunocompro-
mised or immunocompetent mice respectively.
Studies in complex models should be undertaken, once efficacy

and an understanding of the mechanism has been demonstrated,
and the target has been validated preclinically. The effect of the
drug on the primary tumour can be determined using xenografts
derived from patients’ solid tumours. Humanised patient-derived
xenograft (PDX) models allow modelling of patient tumour
heterogeneity in the presence of an intact human immune
system, which is often particularly important in the development
of immunotherapies.10 However, the majority of xenograft models
have the disadvantage of using late-stage, malignant cancer cells,
and therefore, cannot be used to model the early and stochastic
development of tumours. Efforts are underway to address these
factors by developing PDX models which represent early-stage
disease, and by the use of genetically engineered mouse models
(GEMMs) and organoid xenografts.

Confidence in selecting a drug candidate can be built using
multiple tumour models. In a National Cancer Institute review,
comparing the activity of 39 drug candidates with both xenograft
data and the available phase 2 clinical trial results, in vivo activity,
as shown by a particular histology in a tumour model, did not
closely correlate with activity in the same human cancer histology.
However, for compounds with in vivo activity in at least one-third
of the tested xenograft models, there was evidence that the
models had some predictive validity.11 This implies that whilst
activity in multiple xenograft studies predicts clinical response, it is
not necessarily true for particular disease indications. Currently,
with many immunotherapies being developed and requiring
panels of syngeneic models, it is essential to characterise the
models fully. However, the translation of drug efficacy in these
models into outcomes in clinical trials is, and should be, treated
with caution, at least in part, due to the disadvantages described
in Table 1.
In oncology clinical trials, overall survival, progression-free

survival, time to progression and overall response rate are used
as endpoints. In xenograft studies, by contrast, instead of
endpoints defined by outcomes, measurable quantitative
values include inhibition or delay of tumour growth.11 For
example, the Hedgehog pathway inhibitor, vismodegib, inhibited
the growth of tumours by > 60% in a preclinical model of
medulloblastoma12 and subsequently elicited complete responses
in paediatric metastatic medulloblastoma patients in a phase
1 study.13 By contrast, vismodegib inhibited the growth of
tumours in a preclinical colorectal cancer xenograft model by
40%, but did not show any clinical benefit in a phase 2 clinical
study. This exemplifies the urgent requirement for well-
characterised endpoints in preclinical models, agreed by the
scientific community, that ultimately should correlate with
responses in the clinic.14

It is, of course, not feasible to simplify the selection of preclinical
models into a plan that can be applied to all drug discovery
projects. However, it is possible to depict the stage of the drug
discovery pipeline at which each of the models can be used
(Fig. 2). Importantly, the overall outcome that can be achieved
from studies in each of these models is shown and how these
outcomes can be subdivided into incremental milestones (1–6),
which are achieved at various stages of the drug discovery
process. It is advisable, at the target selection and preclinical
model selection of a project, to use simple models sequentially,
until sufficient confidence is reached to progress into a larger
panel of multiple indications or complex models. At later stages of
preclinical development, complex models should be validated in
parallel, until one shows utility to progress with as a workhorse.
Although success criteria for each study will be defined by
relevant controls and comparisons, decisions to progress a project
are more defined by the level of confidence. For example, activity
in one xenograft study is not sufficient, but if models are limited
for a certain patient population, several simple models demon-
strating efficacy and function alongside one complex model could
support clinical development.

SIMPLE MODELS
In this section, the use of simple models is discussed and their
critical role in target selection and validation is considered (Fig. 1).

Traditional subcutaneous cell-line xenograft and syngeneic
models
The simplest tumour model is the subcutaneous model, in which
cell lines initially derived from human tumours (xenograft model)
or mouse tumours (syngeneic model) are typically inoculated
subcutaneously into the flank of a mouse, and tumour growth is
monitored with callipers. This approach represents a cost- and
time-effective experimental design,15 and has been widely used
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during preclinical drug development since 1972. However, these
models do not reflect the complexity of the multiple origins and
functions of cells in the original tumour and its environment,
particularly given their injection subcutaneously rather than into
the corresponding initial anatomical position (heterotopic vs.
orthotopic). Furthermore, as a consequence of their synchronous
inoculation into mice, these models do not reflect the multistage
process of carcinogenesis; this process can be recapitulated in
complex models, predominantly GEMMs, although only certain
elements of the clinical disease are captured. As each cell-line-
derived xenograft/syngeneic model cannot represent the com-
plexity of the human disease, it would not be expected that
positive data attained from one tumour model can predict efficacy
in a diverse patient population. The critical consequence of which

would be the potential progression of molecules to clinical
development, which, despite having robust preclinical data in a
preclinical model, ultimately fails to demonstrate efficacy in the
clinic.
Profiling of different syngeneic models demonstrates the

importance of characterising a model before use for immunother-
apy drug development,16 owing to differences in tumour immune
cell infiltrates between models, and enables rational model
selection. Furthermore, these authors showed that the response
to immune checkpoint blockade was underpinned by cytotoxic
effector immune cells. Whilst considering the caveats described,
these models provide an opportunity to address the critical
question of whether the mechanism of drug action aligns with the
proposed therapeutic effect (Fig. 1), and to test pharmacological

Target validation and
defining function

Growth inhibited in 
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correlated with target 
knock-down

Understand target 
expression in clinical 
samples

Identify potential 
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Efficacy in multiple
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Pharmacodynamic (PD)
endpoints (proof of 
mechanism and 
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Fig. 1 Schematic diagram showing the preclinical objectives and requirements for preclinical models to support preclinical development in
key stages of drug discovery
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Fig. 2 Selection of preclinical models to aid transition of drug discovery into clinical development
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activity, pharmacokinetics (PK) and toxicity. In addition, these
relatively cost-effective models enable the establishment of
candidate PK–PD relationship, underpinning selection of the
optimal dosing regimen in clinical trials and determination of
the therapeutic ratio.17 However, as discussed, traditional sub-
cutaneous xenografts have come under scrutiny over the past
decade, because of both poor predictive validity and their limited
relevance to the tumour type from which they are derived. The
advantages and disadvantages of these models are described in
Table 1.

COMPLEX MODELS
Complex models, which are designed to recapitulate the clinical
disease setting and may be more predictive of clinical efficacy,
provide further confidence for decision-making in clinical devel-
opment and clinical candidate selection (Fig. 1).

Patient-derived xenograft (PDX) models
PDX models, in which freshly resected human tumours are
implanted into immunosuppressed mice (e.g. nonobese diabetic
(NOD)/severe combined immunodeficiency (SCID)), are one
solution to circumvent some of the challenges associated with
the use of cell-line xenografts. PDX models recapitulate more
elements of tumour biology, tumour pathology, gene expression
and mutations18 than subcutaneous cell line models, and thus
have considerable utility in the selection of late preclinical/early
clinical-stage patients that are most likely to respond to a new
therapeutic agent.19 As these tumours are generally well
characterised, both molecularly and histologically, it is possible
to select those with a particular molecular subtype that aligns with
the agent’s mechanism of action. Critically, this enables the
particular project hypothesis to be tested in vivo, hence increasing
confidence in the target and justifying the financial resource of
commencing clinical development. Alternatively, a bank of PDX
models can be used as a preclinical–clinical trial, representing a
heterogeneous patient population and the corresponding
activity.20

Panels of PDX models have been established by academic
institutions, contract research organisations and pharmaceutical
companies. Substantial efforts are being made to build PDX
collaborative consortia, such as the European EuroPDX Consor-
tium (http://europdx.eu/news-events.html) and collaborations
with industry, which will increase the use of these models and
potentially decrease study costs,21 as well as increasing the
efficiency of animal usage within the 3Rs (Replacement, Reduction
and Refinement) framework for the ethical use of animals in
testing. This uses the breadth of models now available to evaluate
efficacy across a heterogeneous population, and in some retro-
spective studies, the response in PDX models is predictive of
clinical response, the most prominent amongst which are
inhibitors of the epidermal growth factor receptor (EGFR), which
prevent receptor activation of EGFR+ tumours. Colorectal
tumours with high EGFR copy number responded to cetuximab
in both preclinical PDX models and clinical trials.22 The use of a
nab-paclitaxel plus gemcitabine combination in pancreatic ductal
adenocarcinoma23 also demonstrated success in a phase 3 clinical
study, after synergistic antitumour activity was observed pre-
clinically using PDX models.
However, there are still a number of limitations to PDX models.

First, the cost of using and maintaining PDX panels is high.
Second, as these tumours are human in origin and generally
engrafted into immunodeficient mouse strains, these models
cannot be used for testing immunomodulatory agents. Finally,
most contract research organisations and academic groups have
largely focused on subcutaneous tumours and have not investi-
gated whether orthotopic tumours, in which tumours are grown in
their organ of origin and hence their endogenous

microenvironment, are more predictive of the clinical response
than their heterotopic equivalent. This may be due to engraftment
of tumours orthotopically being more technically challenging,
with an associated reduction in engraftment rate.24

Humanised PDX model
There is considerable interest in the use of PDX models for the
development of immunotherapeutic agents, but the lack of a
functional immune system in standard PDX models makes them
unsuitable. A number of strategies have therefore been taken to
establish a human immune system in immunodeficient rodents to
generate humanised PDX models: implantation of peripheral
blood mononuclear cells, containing T cells, B cells, natural killer
cells and monocytes, alongside the tumours25; implantation of
fresh tumour containing human stromal and immune cells26;
implantation of tumours into mice into which human CD34+
haematopoietic stem cells have previously been transplanted
following sublethal irradiation27 to replace the full haematopoietic
system, including innate and adaptive immunity. This methodol-
ogy has been used to characterise the response of a triple-
negative breast PDX model to a combination of the PD-1 inhibitor
nivolumab and a histone deacetylase inhibitor.28

Personalised PDX models
In addition to their use in drug discovery, PDX models can be used
for a personalised patient-centric approach to identify alternative
therapeutic strategies for those patients who have not responded
to standard-of-care treatment options29 (Table 1). Cells can be
taken from the patient’s primary tumour site or circulating tumour
cells (CTCs—which allows sampling of tumours without biopsy
and can model metastatic pioneer cells) for xenotransplantation
into immunosuppressed mice. This produces a model of the
tumour that can be used to determine patient-specific drug
response30 and potential identification of novel treatment
strategies. However, not all tumours are amenable to xenotrans-
plantation, the immune response is not modelled and the
methodology may not facilitate transplantation of important
treatment-resistant cells.31

Organoid xenografts
Organoids can be created either via mechanical digestion of
human tumour biopsies followed by in vitro growth, or via
directed differentiation of ESCs/IPSCs,32 to form bodies that model
the tumour microenvironment in 3D culture.33 Organoids offer a
means for humanised high-throughput drug screening in vitro34

and have potential as reproducible human xenografts for use in
drug treatment pipelines. In organoid studies of colorectal cancer
(CRC), tumour progression mimics human CRC with histopatho-
logical accuracy and metastasis,35 and in one study shows a 96%
mutational spectrum overlap with a parental biopsy. These early
data show promise for overcoming some of the limitations
associated with modelling the tumour microenvironment. These
models may be used to predict drug response in patients, as
exemplified by cetuximab in colorectal cancer.36

Genetically engineered mouse models (GEMMs)
GEMMs, in which tumours spontaneously arise by the action of
key human drivers in immunocompetent mice, might more
closely recapitulate human disease than subcutaneous models
or PDX models, as the stochastic and early development of
tumours are features in this model.37 Studies involving GEMMs
frequently use the overall survival of mice untreated and treated
with the standard-of-care agent as translational endpoints. Proof-
of-principle retrospective studies of standard of care in combina-
tion with an EGFR and vascular endothelial growth factor (VEGF)
inhibitor have been completed in mutant KRAS-driven GEMMs of
non-small-cell lung cancer (NSCLC) and pancreatic ductal adeno-
carcinoma (PDAC).38 These models successfully predicted clinical
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efficacy. Notably, the correlation between KRAS-driven mutations
and response in NSCLC was not predicted using xenograft
models,39 highlighting the importance of this strategy. The
difference in therapeutic response between the GEMM and
xenograft model could be attributed to a number of factors,
including cell proliferation rates, relative tumour expression of
KRAS and differences in dose scheduling, although this has not
been experimentally confirmed.
Despite emerging data supporting the ability of GEMMs to

better predict clinical response, their uptake in drug develop-
ment by the pharmaceutical industry has been limited. This can
be explained, at least in part, by the complex set-up required to
manage these preclinical studies, as tumours can require
2–10 months to reach an appropriate size for therapeutic
intervention, therefore requiring substantial investment in a
breeding colony. Centralising models might be one solution to
this challenge, in an analogous manner to the PDX consortia.
Finally, the increasing prevalence and improvements to CRISPR
technologies are allowing rapid and cost-effective creation
of new GEMM models, which allow the study of complex
genotypes.40,41 Alternatively, allografts, in which a fragment of a
tumour is grafted into the same strain of mouse, represent a
practical solution to decreasing the complexity and logistical
challenges of GEMMs, as the experimental study length
is reduced, due to direct tumour implantation, as opposed
to waiting for spontaneous tumours to arise. Validation work
is ongoing in a number of indications to confirm that
the response of each allograft to standard-of-care treatment is
equivalent to the original model from which the allograft was
derived.

Somatic tumour models
Somatic tumour models involve production of cancer cell lines
from healthy murine or human tissue, typically via CRISPR-
targeted genetic alteration of known oncogenes/tumour
suppressors.42,43 These can then be transplanted into recipient
mice. These models share many of the advantages of GEMMs, but
with much reduced development time and are more likely to be
predictive of clinical response, but this needs to be determined
experimentally.

INVESTIGATING METASTASIS
Tumour metastasis to distal sites is associated with poor patient
prognosis, and usually means a diagnosis of terminal illness.
Metastasis is the leading cause of cancer death; ~90% of cancer
patients who succumb to their illness die of metastatic disease,
even though half of them initially present with only a localised
tumour.44 The process of metastasis, however, is inefficient and
most cells that break away from the initial primary tumour die;
those that survive learn to adapt to restricted levels of oxygen,
nutrients and space. Despite the urgent clinical need for drugs
that target the multiple stages of the metastatic process,45 anti-
metastatic drug development has been deprioritised by the
pharmaceutical industry and academic community.
At a 2016 international workshop, it was concluded that there

is a lack of relevant animal models that closely recapitulate
clinical tumour dissemination and pathogenesis driven by
clinically appropriate and quantitative endpoints.46 The models
available are considered primarily to be tools for candidate
selection rather than for predicting clinical efficacy, reflecting
the current need to understand the complex biological
processes involved in metastasis. The lack of preclinical models
is attributable, at least in part, to the fact that subcutaneous
tumour models rarely metastasise. Due to the many years during
which a primary tumour may metastasise, it is likely that an
effective therapy for metastasis will require chronic dosing and
will be offered as part of a combination therapy. Demonstrating

safety—particularly the absence of major organ toxicity—
alongside efficacy within in vivo models is, therefore, important.
A key factor in the design of in vivo studies investigating
metastasis is determining the point at which to treat the
tumours and how this reflects the clinical scenario, as tumour
cells can be dormant for decades, maintained at a subclinical
level by immunosurveillance, before giving rise to new tumours
after adaptation at a secondary site.
Although syngeneic mouse models using 4T1 and E0771 mouse

mammary tumour cells47 and colorectal tumours transplanted
onto the colonic mucosa48 have been established and demon-
strated to undergo spontaneous robust metastasis to the liver and
bone, this is not the case for most tumour models. Tumours
derived from breast cancer patients and inoculated directly into
NOD/SCID mice, in a PDX model, have been shown to metastasise
to the auxiliary lymph node and lung, faithfully recapitulating the
metastatic profile of the human disease.18 Other studies have
shown that MDA-MB-231 and MDA-MB-468 are also robust breast
cancer models of metastasis. In most cases in these models,
however, the tumour microenvironment is not recapitulated,
which is critical for the multistage process of metastasis.46 By
contrast, GEMMs facilitate the investigation of agents that
intervene with the early stages of metastasis. Tumours in the
KPC GEMM of pancreatic cancer49 have been shown to
metastasise to the liver with a frequency of 50–75% and have
been used to show that the src kinase inhibitor, dasatinib, inhibits
the development of metastasis.50

In conclusion, although the clinical management and treatment
of metastasis are critical to patient survival, the use of models in
drug discovery to investigate the process of metastasis is limited.
However, current models might provide key mechanistic and
pharmacological information to drive a lead candidate forward to
clinical development to address the significant unmet
clinical need.

TUMOUR HETEROGENEITY AND DRUG RESPONSE
Historically, it has been difficult to study drug responses in the
context of the tumour microenvironment, due to the complexity
and heterogeneity of tumours. In addition to inter-tumour
heterogeneity (tumours from different patients with divergent
genetic backgrounds and cell surface markers), intra-tumour
heterogeneity is a therapeutic challenge. Tumours consist of
cancer stem cells, malignant and normal cells, stroma, immune
cells and growth factors, which combine to form an array of
both tumour-suppressive and oncogenic-interlinking systems.
Differences in complex signalling cascades and interactions
mean that tumours, even within a single patient, are genetically,
phenotypically and clinically heterogeneous. Humanised PDX
models used to test a drug in a diverse panel of patient-derived
tumours in the context of an intact immune system will facilitate
an understanding of the relationship between different muta-
tional backgrounds and the drug response, for example in
melanoma.51 These models, characterised by their genomic
profile and protein expression, enable clustering of patient
tumour into molecular subtypes, which correlate to different
treatment regimens.
To understand the influence of intra-tumour heterogeneity

upon clinical outcomes, longitudinal sampling strategies to
molecularly characterise tumour subclones are being carried out.
The TRAcking Cancer Evolution through therapy ((Rx); TRACERx)
consortia is focusing on renal,52 NSCLC,53 melanoma and prostate
cancer. In these studies, underpinned by next-generation sequen-
cing and histology, tumour evolution with time, and ultimately
clinical response to treatment, can be investigated using
minimally invasive sampling methods. These data will facilitate
the identification and development of novel preclinical models
and therapeutic strategies.
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CONCLUSIONS
Preclinical models critically underpin all of the stages of the
progression of a drug candidate through drug discovery and
development towards regulatory approval and final marketing
as a licenced medicine (Fig. 1). A clear efficacy signal in a tumour
model is essential for target validation. It also increases the
probability of attaining a robust efficacy response in the clinic.
This objective can be achieved by initially showing a tumour
response in simple subcutaneous models, before subsequently
building confidence in efficacy studies in complex models and
characterising the effects in selected indications or disease
populations.
Selection of the optimum complex tumour models is governed

by the mechanism of action of the drug candidate and the
scientific justifications for the planned clinical route. As a full suite
of models is not currently available, this can range from no models
to a bank of PDX models or well-characterised GEMMs (Table 1).
Building on justification of biomarkers and combinations should
start early and continue through clinical development, and is now
a more iterative process, cycling through preclinical and early
clinical development, rather than sequential steps of drug
development.54 Furthermore, window-of-opportunity studies are
enabling mechanistic understanding earlier in the developmental
process.
The models described and critically evaluated in this review

enable three key aims to be achieved during the drug discovery
and development process. Firstly, target engagement is confirmed
and modulation correlated with tumour response before validat-
ing the target in the preclinical setting, typically in simple models,
and identifying PD biomarkers. Secondly, complex models (e.g.
PDX and GEMM) can be used to give confidence in different
disease indications—efficacy in one model does not necessarily
translate into efficacy in other models. The degree of confidence
depends on characterisation of the model linking clinical aetiology
with endpoints and supports the declaration of a clinical
candidate and its clinical development. These complex models
more closely recapitulate human tumour histopathology, and
putatively, response to therapeutic agents, although this remains
to be unequivocally experimentally verified. Thirdly and finally,
during clinical development, preclinical models facilitate the
rational selection of multiple indications, combinations of
therapeutics and optimisation of PD biomarkers of response.
Clearly, any target can only be fully validated on the basis of
successfully predicting clinical efficacy. Nonetheless, selecting the
right preclinical model is likely to reduce the risk of failure in
clinical development, provided that the right scientific question is
being asked.
In conclusion, over the last decade, the array of preclinical

oncology models has expanded substantially. Such models enable
confirmation of target engagement and mechanism of action of
the drug candidate, along with the demonstration of in vivo
efficacy. In conjunction with their associated biomarkers, they
have the potential to greatly facilitate and accelerate the delivery
of new medicines to people with cancer.

ACKNOWLEDGEMENTS
The authors gratefully acknowledge the support of both Dr. Andy Harris and Mr. Anil
Misra in critically evaluating this paper.

AUTHOR CONTRIBUTIONS
All authors jointly contributed to the writing of this review article.

ADDITIONAL INFORMATION
Competing interests: Drs. Alavijeh and Ireson are employees of Pharmidex
Pharmaceutical Services Limited. Dr. Jones is an employee of AstraZeneca. Professor

Alan Palmer is a visiting professor at the University of Reading. Ms. Fowler, a doctoral
student, is funded by the BBSRC. The authors do not declare any other conflicts of
interest.

Ethics approval and consent to participate: Not applicable.

Funding: Drs. Alavijeh, Ireson and Jones are funded directly by their employers.
Ms. Fowler is funded by the BBSRC.

Data availability: Not applicable.

Note: This work is published under the standard license to publish agreement. After
12 months the work will become freely available and the license terms will switch to
a Creative Commons Attribution 4.0 International (CC BY 4.0).

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

REFERENCES

1. Hanahan, D. & Weinberg, R. A. Hallmarks of cancer: the next generation. Cell 144,
646–674 (2011).

2. Day, C. P., Merlino, G. & Van Dyke, T. Preclinical mouse cancer models: a maze of
opportunities and challenges. Cell 163, 39–53 (2015).

3. Cook, D., Brown, D., Alexander, R., March, R., Morgan, P., Satterthwaite G. et al.
Lessons learned from the fate of AstraZeneca’s drug pipeline: a five-dimensional
framework. Nat. Rev. Drug Discov. 13, 419–431 (2014).

4. Mullard, A. Cancer model consortium debuts. Nat. Rev. Drug Disco. 15, 523 (2016).
5. Moreno, L. & Pearson, A. D. How can attrition rates be reduced in cancer drug

discovery? Expert Opin. Drug Disco. 8, 363–368 (2013).
6. Belzung, C. & Lemoine, M. Criteria of validity for animal models of psychiatric

disorders: focus on anxiety disorders and depression. Biol. Mood Anxiety Disord. 1,
9 (2011).

7. Holen, I., Speirs, V., Morrissey, B. & Blyth, K. Models in breast cancer research:
progress, challenges and future directions. Dis. Model Mech. 10, 359–371 (2017).

8. Smith, A. D., Roda, D. & Yap, T. A. Strategies for modern biomarker and drug
development in oncology. J. Hematol. Oncol. 7, 70 (2014).

9. Forbes, S. A., Bindal, N., Bamford, S., Cole, C., Kok, C. Y., Beare, D. et al. COSMIC:
mining complete cancer genomes in the Catalogue Of Somatic Mutations In
Cancer. Nucleic Acids Res. 39 (Database issue), D945–D950 (2011).

10. Zitvogel, L., Pitt, J. M., Daillère, R., Smyth, M. J. & Kroemer, G. Mouse models in
oncoimmunology. Nat. Rev. Cancer 16, 759–773 (2016).

11. Johnson, J. I., Decker, S., Zaharevitz, D., Rubinstein, L. V., Venditti, J. M., Schepartz,
S. et al. Relationships between drug activity in NCI preclinical in vitro and in vivo
models and early clinical trials. Br. J. Cancer 84, 1424–1431 (2001).

12. Wong, H., Alicke, B., West, K. A., Pacheco, P., La, H., Januario, T. et al.
Pharmacokinetic-pharmacodynamic analysis of vismodegib in preclinical models
of mutational and ligand-dependent Hedgehog pathway activation. Clin. Cancer
Res 17, 4682–4692 (2011).

13. Gajjar, A., Stewart, C. F., Ellison, D. W., Kaste, S., Kun, L. E., Packer, R. J. et al.
Phase I study of vismodegib in children with recurrent or refractory medullo-
blastoma: a pediatric brain tumor consortium study. Clin. Cancer Res. 19,
6305–6312 (2013).

14. Collins, A. T. & Lang, S. H. A systematic review of the validity of patient derived
xenograft (PDX) models: the implications for translational research and perso-
nalised medicine. PeerJ 6, e5981 (2018).

15. Kelland, L. R. Of mice and men: values and liabilities of the athymic nude mouse
model in anticancer drug development. Eur. J. Cancer 40, 827–836 (2004).

16. Mosely, S. I., Prime, J. E., Sainson, R. C., Koopmann, J. O., Wang, D. Y., Greenawalt,
D. M. et al. Rational selection of syngeneic preclinical tumor models for immu-
notherapeutic drug discovery. Cancer Immunol. Res. 5, 29–41 (2017).

17. Dawson, D. A., Wadsworth, G. & Palmer, A. M. A comparative assessment of the
efficacy and side-effect liability of neuroprotective compounds in experimental
stroke. Brain Res. 892, 344–350 (2001).

18. DeRose, Y. S., Wang, G., Lin, Y. C., Bernard, P. S., Buys, S. S., Ebbert, M. T. et al.
Tumor grafts derived from women with breast cancer authentically reflect tumor
pathology, growth, metastasis and disease outcomes. Nat. Med. 17, 1514–1520
(2011).

19. Tentler, J. J., Tan, A. C., Weekes, C. D., Jimeno, A., Leong, S., Pitts, T. M. et al.
Patient-derived tumour xenografts as models for oncology drug development.
Nat. Rev. Clin. Oncol. 9, 338–350 (2012).

20. Clohessy, J. G. & Pandolfi, P. P. The mouse hospital and its integration in ultra-
precision approaches to cancer care. Front Oncol. 8, 340 (2018).

The role of mouse tumour models in the discovery and development of. . .
CR. Ireson et al.

107



21. Hidalgo, M., Amant, F., Biankin, A. V., Budinská, E., Byrne, A. T., Caldas, C. et al.
Patient-derived xenograft models: an emerging platform for translational cancer
research. Cancer Disco. 4, 998–1013 (2014).

22. Bertotti, A., Migliardi, G., Galimi, F., Sassi, F., Torti, D., Isella, C. et al. A molecularly
annotated platform of patient-derived xenografts (“xenopatients”) identifies
HER2 as an effective therapeutic target in cetuximab-resistant colorectal cancer.
Cancer Disco. 1, 508–523 (2011).

23. Von Hoff, D. D., Ervin, T., Arena, F. P., Chiorean, E. G., Infante, J., Moore, M. et al.
Increased survival in pancreatic cancer with nab-paclitaxel plus gemcitabine. N.
Engl. J. Med. 369, 1691–1703 (2013).

24. Varešlija, D. C., Cocchiglia, S., Byrne, C. & Young, L. Patient-Derived Xenografts of
breast cancer. Methods Mol. Biol. 1501, 327–336 (2017).

25. Fisher, T. S., Kamperschroer, C., Oliphant, T., Love, V. A., Lira, P. D., Doyonnas, R.
et al. Targeting of 4-1BB by monoclonal antibody PF-05082566 enhances T-cell
function and promotes anti-tumor activity. Cancer Immunol. Immunother. 61,
1721–1733 (2012).

26. Simpson-Abelson, M. R., Sonnenberg, G. F., Takita, H., Yokota, S. J., Conway,
T. F., Kelleher, R. J. et al. Long-term engraftment and expansion of tumor-
derived memory T cells following the implantation of non-disrupted pieces of
human lung tumor into NOD-scid IL2Rγnull mice. J. Immunol. 180, 7009–7018
(2008).

27. Lang, J., Weiss, N., Freed, B., Torres, R. & Poland, R. Generation of hematopoietic
humanized mice in the newborn BALB/c-Rag2null Il2rγnull mouse model: a
multivariable optimization approach. Clin. Immunol. 140, 102–116 (2011).

28. Capasso, A., Lang, J., Pitts, T. M., Jordan, K. R., Lieu, C. H., Davis, S. L. et al. Char-
acterization of immune responses to anti-PD-1 mono and combination immu-
notherapy in hematopoietic humanized mice implanted with tumor xenografts.
J. Immunother. Cancer 7, 37 (2019).

29. Pauli, C., Hopkins, B. D., Prandi, D., Shaw, R., Fedrizzi, T., Sboner, A. et al. Perso-
nalized in vitro and in vivo cancer models to guide precision medicine. Cancer
Disco. 7, 462–477 (2017).

30. Que, Z., Luo, B., Zhou, Z., Dong, C., Jiang, Y., Wang, L. et al. Establishment and
characterization of a patient-derived circulating lung tumor cell line in vitro and
in vivo. Cancer Cell Int. 19, 21 (2019).

31. Lenos, K. J., Miedema, D. M., Lodestijn, S. C., Nijman, L. E., van den Bosch, T.,
Romero Ros, X. et al. Stem cell functionality is microenvironmentally defined
during tumour expansion and therapy response in colon cancer. Nat. Cell Biol. 20,
1193–1202 (2018).

32. Xu, H., Jiao, Y., Qin, S., Zhao, W., Chu, Q., Wu, K. Organoid technology in disease
modelling, drug development, personalized treatment and regeneration medi-
cine. Exp. Hematol. Oncol. 7, 30 (2018).

33. Neal, J. T., Li, X., Zhu, J., Giangarra, V., Grzeskowiak, C. L., Ju, J. et al. Organoid
modeling of the tumor immune microenvironment. Cell 175, 1972–1988 (2018).

34. van de Wetering, M., Francies, H. E., Francis, J. M., Bounova, G., Iorio, F., Pronk, A.
et al. Prospective derivation of a living organoid biobank of colorectal cancer
patients. Cell 161, 933–945 (2015).

35. O’Rourke, K. P., Loizou, E., Livshits, G., Schatoff, E. M., Baslan, T., Manchado, E. et al.
Transplantation of engineered organoids enables rapid generation of metastatic
mouse models of colorectal cancer. Nat. Biotechnol. 35, 577–582 (2017).

36. Vlachogiannis, G., Hedayat, S., Vatsiou, A., Jamin, Y., Fernández-Mateos, J., Khan, K.
et al. Patient-derived organoids model treatment response of metastatic gas-
trointestinal cancers. Science 359, 920–926 (2018).

37. Van Dyke, T. & Jacks, T. Cancer modeling in the modern era: progress and
challenges. Cell 108, 135–144 (2002).

38. Singh, M., Lima, A., Molina, R., Hamilton, P., Clermont, A. C., Devasthali, V. et al.
Assessing therapeutic responses in Kras mutant cancers using genetically engi-
neered mouse models. Nat. Biotechnol. 28, 585–593 (2010).

39. Troiani, T., Schettino, C., Martinelli, E., Morgillo, F., Tortora, G. & Ciardiello, F. The
use of xenograft models for the selection of cancer treatments with the EGFR as
an example. Crit. Rev. Oncol. Hematol. 65, 200–211 (2008).

40. Ideno N., Yamaguchi H., Okumura T., Huang J., Brun M. J., Ho M. L. et al. A pipeline
for rapidly generating genetically engineered mouse models of pancreatic cancer
using in vivo CRISPR-Cas9-mediated somatic recombination. Lab Invest 2019; e-
pub ahead of print 2019/02/06; https://doi.org/10.1038/s41374-018-0171-z.

41. Huijbers, I. J. Generating genetically modified mice: a decision guide. Methods

Mol. Biol. 1642, 1–19 (2017).
42. Koo, T., Yoon, A. R., Cho, H. Y., Bae, S., Yun, C. O. & Kim, J. S. Selective disruption of

an oncogenic mutant allele by CRISPR/Cas9 induces efficient tumor regression.
Nucleic Acids Res. 45, 7897–7908 (2017).

43. Oldrini, B., Curiel-García, Á., Marques, C., Matia, V., Uluçkan, Ö., Graña-Castro, O.
et al. Somatic genome editing with the RCAS-TVA-CRISPR-Cas9 system for pre-
cision tumor modeling. Nat. Commun. 9, 1466 (2018).

44. Spano, D., Heck, C., De Antonellis, P., Christofori, G. & Zollo, M. Molecular networks
that regulate cancer metastasis. Semin Cancer Biol. 22, 234–249 (2012).

45. Guan, X. Cancer metastases: challenges and opportunities. Acta Pharm. Sin. B 5,
402–418 (2015).

46. Anderson, R. L., Balasas, T., Callaghan, J., Coombes, R. C., Evans, J., Hall, J. A. et al. A
framework for the development of effective anti-metastatic agents. Nat. Rev. Clin.
Oncol. 16, 185–204 (2019).

47. Johnstone, C. N., Smith, Y. E., Cao, Y., Burrows, A. D., Cross, R. S., Ling, X. et al.
Functional and molecular characterisation of EO771.LMB tumours, a new C57BL/
6-mouse-derived model of spontaneously metastatic mammary cancer. Dis.

Model Mech. 8, 237–251 (2015).
48. Enquist, I. B., Good, Z., Jubb, A. M., Fuh, G., Wang, X., Junttila, M. R. et al. Lymph

node-independent liver metastasis in a model of metastatic colorectal cancer.
Nat. Commun. 5, 3530 (2014).

49. Gopinathan, A., Morton, J. P., Jodrell, D. I. & Sansom, O. J. GEMMs as preclinical
models for testing pancreatic cancer therapies. Dis. Model Mech. 8, 1185–1200
(2015).

50. Morton, J. P., Karim, S. A., Graham, K., Timpson, P., Jamieson, N., Athineos, D. et al.
Dasatinib inhibits the development of metastases in a mouse model of pan-
creatic ductal adenocarcinoma. Gastroenterology 139, 292–303 (2010).

51. Krepler, C., Sproesser, K., Brafford, P., Beqiri, M., Garman, B., Xiao, M. et al. A
Comprehensive patient-derived xenograft collection representing the hetero-
geneity of melanoma. Cell Rep. 21, 1953–1967 (2017).

52. Turajlic, S., Xu, H., Litchfield, K., Rowan, A., Chambers, T., Lopez, J. I. et al. Tracking
cancer evolution reveals constrained routes to metastases: TRACERx renal. Cell
173, 581–594. e512 (2018).

53. Jamal-Hanjani, M., Hackshaw, A., Ngai, Y., Shaw, J., Dive, C., Quezada, S. et al.
Tracking genomic cancer evolution for precision medicine: the lung TRACERx
study. PLoS Biol. 12, e1001906 (2014).

54. Paul, S. M., Mytelka, D. S., Dunwiddie, C. T., Persinger, C. C., Munos, B. H., Lindborg,
S. R. et al. How to improve R&D productivity: the pharmaceutical industry’s grand
challenge. Nat. Rev. Drug Discov. 9, 203–214 (2010).

55. Guerin, E., Man, S., Xu, P. & Kerbel, R. S. A model of postsurgical advanced
metastatic breast cancer more accurately replicates the clinical efficacy of anti-
angiogenic drugs. Cancer Res 73, 2743–2748 (2013).

56. Girotti, M. R., Gremel, G., Lee, R., Galvani, E., Rothwell, D., Viros, A. et al. Application
of Sequencing, Liquid Biopsies, and Patient-Derived Xenografts for Personalized
Medicine in Melanoma. Cancer Disco. 6, 286–299 (2016).

57. Kitz J., Lowes L. E., Goodale D., Allan A. L. Circulating tumor cell analysis in
preclinical mouse models of metastasis. Diagnostics (Basel) 2018; 8 (2018)

58. Li, Q. X., Feuer, G., Ouyang, X. & An, X. Experimental animal modeling for
immuno-oncology. Pharm. Ther. 173, 34–46 (2017).

59. Fumagalli, A., Suijkerbuijk, S. J. E., Begthel, H., Beerling, E., Oost, K. C.,Snippert, H. J.
et al. A surgical orthotopic organoid transplantation approach in mice to visualize
and study colorectal cancer progression. Nat. Protoc. 13, 235–247 (2018).

60. Rodriguez, E., Mannion, L., D’Santos, P., Griffiths, M., Arends, M. J., Brindle, K. M.
et al. Versatile and enhanced tumour modelling in mice via somatic cell trans-
duction. J. Pathol. 232, 449–457 (2014).

The role of mouse tumour models in the discovery and development of. . .
CR. Ireson et al.

108

https://doi.org/10.1038/s41374-018-0171-z

	The role of mouse tumour models in the discovery and�development of anticancer drugs
	Background
	Identifying and selecting preclinical models
	Simple models
	Traditional subcutaneous cell-line xenograft and syngeneic models

	Complex models
	Patient-derived xenograft (PDX) models
	Humanised PDX model
	Personalised PDX models
	Organoid xenografts
	Genetically engineered mouse models (GEMMs)
	Somatic tumour models

	Investigating metastasis
	Tumour heterogeneity and drug response
	Conclusions
	Acknowledgements
	Author contributions
	Competing interests
	ACKNOWLEDGMENTS


