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Abstract

Recent developments in pre-clinical screening tools, that more reliably predict the clinical effects and adverse events of candidate
therapeutic agents, has ushered in a new era of drug development and screening. However, given the rapid pace with which these
models have emerged, the individual merits of these translational research tools warrant careful evaluation in order to furnish
clinical researchers with appropriate information to conduct pre-clinical screening in an accelerated and rational manner. This
review assesses the predictive utility of both well-established and emerging pre-clinical methods in terms of their suitability as a
screening platform for treatment response, ability to represent pharmacodynamic and pharmacokinetic drug properties, and lastly
debates the translational limitations and benefits of these models. To this end, we will describe the current literature on cell
culture, organoids, in vivo mouse models, and in silico computational approaches. Particular focus will be devoted to discussing
gaps and unmet needs in the literature as well as current advancements and innovations achieved in the field, such as co-clinical

trials and future avenues for refinement.
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1 Introduction

Extensive efforts directed towards mapping the cancer ge-
nome have yielded remarkable insight into the genomic
changes that occur during tumorigenesis. Analysis of 2658
whole-cancer genomes from 38 tumor types by the Pan-
Cancer Analysis of Whole Genomes (PCAWG), Consortium
of the International Cancer Genome Consortium (ICGC), and
The Cancer Genome Atlas (TCGA) demonstrated that on av-
erage, cancer genomes contain 4-5 driver mutations from
coding and non-coding genome elements [1]. They also found
that approximately 5% of tumors had no identifiable driver,
suggesting that additional unidentified driver genes exist [1].
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In one of several companion articles published by the
ICGC/TCGA/PCAWG, an evolutionary history of the cancers
based on the aforementioned sequence data was identified [2].
Based on these data, it is not far-fetched to conceive that
rational deployment of therapeutics or interventions could
shift the evolutionary trajectory of the malignant phenotype.
When taken together, the voluminous amount of cancer
genome sequencing data that has been generated provides a
high-fidelity roadmap of tumorigenesis that can be experi-
mentally exploited to develop a predictive, formulaic method
of treating cancer based on mutational changes. But under-
standing the biological processes of cancer progression is only
part of the equation. Knowledge of how the tumor genome
changes and adapts upon exposure to therapeutic agents and
environmental carcinogens is equally important, as is
deciphering the role of epigenetics and protein modifications
in oncogenesis. Thus, it will be the role of translational re-
search tools to unravel the complexities of treatment response
and resistance, and how this alters the trajectory of tumor
development and progression, in the face of genomic changes.
There is an imperative to develop a multi-faceted approach
towards modeling cancers in the laboratory that are eminently
translatable into the clinical environment. However, experi-
mentally modelling tumor development so that it provides
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accurate, clinically meaningful, and actionable data to screen
patients for risk, treatment selection, and prediction of treat-
ment adverse effects is challenging, in part because tumors are
heterogeneous entities.

Tumor heterogeneity and clonal evolution pose formidable
barriers to studying cancer biology, immune-tumor interac-
tions, and the response of cancers to therapeutic agents
[3—6]. Variations exist between different cancer types in terms
of'their genetic and epigenetic heterogeneity and, furthermore,
clonal evolution can be altered by exposure to chemothera-
peutics [6—8]. Tumor heterogeneity is not restricted to the
tumor and can extend into the tumor microenvironment, in-
cluding non-tumor fibroblasts, immune cells, endothelial
cells, and matrix components, that can influence propagation
of a tumor and its response to therapy [9].

Therefore, translational models for studying cancer should,
ideally, provide an environment for cancers to progress along
their natural course of evolution so that tumor heterogeneity
can be studied in the presence and absence of therapeutics.

Here, we will explore the current literature covering in vitro
tools such as traditional cell line based tissue culture and
newer in vitro methods such as 3D organoid models that more
accurately simulate the in vivo tumor environment. In vivo
modalities such as xenografts and syngeneic mice, genetically
engineered mice, and patient-derived xenografts will also be
discussed. Lastly, in silico methods will be reviewed with a
focus on bioinformatics and computational tools that can be
used to model tumor evolution and drug sensitivity. As will be
discussed, some of these tools are more aptly suited for ex-
ploring tumor evolution and heterogeneity, whereas others are
more relevant for studying metastasis, drug discovery, or
screening novel compounds.

2 Cell culture

Cell culture has long been a platform to discover gene alter-
ations in cancer, identify aberrant signaling pathways, and
screen new chemical entities as potential chemotherapeutic
agents (Fig. 1). While there are many drawbacks and well-
known shortcomings of traditional cell culture such as a lack
of three dimensional architecture, changes in drug responsive-
ness, and growth changes with repeated passage, as well as
limitations in studying drug metabolism and metastasis; the
majority of current knowledge about the biology of cancer cells
has been discovered using cell culture. Numerous studies have
shown that cell culture systems can model genomic and
transcriptomic changes seen in primary tumors [10, 11]. For
example, Barrentina et al. used DNA copy number and gene
expression patterns to determine equivalency between a human
cell line library, with 947 cell lines, and primary tumors from
corresponding tissues [11]. They reported positive correlations
for DNA copy number (» = 0.77), gene expression patterns (7 =
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0.60), and point mutation frequency (»=0.71) for all but a
small number of the cell lines examined [11]. On the basis of
the gene expression profiles, subsequent pharmacological inter-
rogation of this cell line library revealed several previously
unrecognized genes and cell features that correlate with drug
response. For example, expression of the aryl hydrocarbon re-
ceptor (AHR) was found to correlate with enhanced response to
MEK inhibitors in NRAS mutant cell lines [11].

However, a central issue with cell culture systems is that,
although driver mutations are generally preserved, prolonged
culturing can lead to secondary genomic changes including
copy number variations and transcriptomic drifts [12, 13].
Indeed, these types of culture-condition-induced alterations
can lead to changes in multi-drug resistance genes that differ
from clinical samples. This observation was first made while
evaluating over 80 samples of untreated primary ovarian carci-
noma in comparison with additional cancer types from the NCI-
60 panel and evaluating the expression profile of over 380
MDR-related genes [7]. These authors expanded their analysis
to include several other cancer types including colorectal cancer,
breast cancer, metastatic melanoma, and glioblastoma, which
similarly demonstrated that cultured cell pairs from a primary
tumor bore more resemblance to each other than pairs from
different primary tumors of the same origin [7]. This indicates
that cultured cells can retain genomic signatures from the pri-
mary tumor despite the influence of in vitro culture conditions.

In addition to the effects of prolonged culture conditions,
there are also other drawbacks of traditional 2D cell systems.
For example, the absence of extracellular architecture, includ-
ing stromal cells and matrix components, can alter innate bi-
ological processes of cultured cancer cells and modify their
response to therapeutics [14]. It has been shown that inclusion
of tumor stromal cells and extracellular matrix mediators can
drive tumor growth, stimulate angiogenesis, favor an inflam-
matory environment, and promote drug resistance [10,
14-16]. For these and other reasons, 3D tissue culture and
organoid systems were developed.

There are a number of studies that have demonstrated the
impact that incorporating stromal cells and matrix components
can have on the response of cancer cells to therapeutics [17-19].
In some cases, this involved developing novel culture systems.
For example, a recently published study described the develop-
ment of a 3D tumor invasion model that utilizes traditional cell
culture together with a customized system that incorporates ex-
tracellular matrix (ECM) [20]. In this study, the authors used
highly metastatic pancreatic ductal adenocarcinoma (PDAC)
cells as their model. Briefly, a fabricated platform was developed
with posts coated in ECM and arranged in a 96-well format upon
which tumor cells suspended in type I collagen oligomer were
seeded. Following initial polymerization of the oligomer, a plug-
like tumor compartment at the bottom of the 96-well plate
formed onto which media, drugs, and cancer-associated fibro-
blasts (CAFs) could be overlaid. They noted that the addition of
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the CAFs resulted in dramatic changes in the phenotype of both
PDAC cells and CAFs together with matrix remodeling and,
importantly, pronounced invasion into the surrounding matrix
[20]. Markers of epithelial to mesenchymal transition (EMT)
were also examined and suggested an EMT-independent inva-
sion phenotype [20]. A proof-of-concept drug screening treat-
ment regimen with 10 different doses of gemcitabine was per-
formed using Hoechst 33342, Click-iT EdU, and Mito Tracker
Red (to assess nuclear changes/condensation, proliferation, and
mitochondrial metabolism, respectively). Their results revealed
effects of gemcitabine on cell proliferation, although with only
moderate effects on invasion. Based on these data, the authors
were able to establish initial validation of this system as a poten-
tially viable drug screening platform. They also noted that this
system has distinct advantages over other established models of
migration/invasion/metastasis such as scratch assays, transwell
(Boyden chambers), and 3D spheroid invasion assays in terms of
standardization of spheroid and matrix components for high
throughput/high content screening [20].

Another drawback of using cell culture as a clinically pre-
dictive model is the minimal degree of drug metabolism that
occurs in a single-cell lineage context. Drug metabolism, par-
ticularly cytochrome P450-mediated drug metabolism, may
yield a mixture of active and inactive metabolites that ultimate-
ly contributes to the pharmacological efficacy of

chemotherapeutic agents under investigation [21]. This com-
plexity of metabolism is lost in cell culture systems.
Furthermore, the lack of a normal control for tissue culture is
an important factor [22].

Although isogenic cell lines can be generated using homol-
ogous recombination to provide a comparator cell line when
analyzing single gene differences, this technique is still ham-
pered by cell culture effects [21]. Studies have demonstrated
that there can be notable differences in cell expansion and
drug sensitivity between identical isogenic cell lines as a result
of 2D or 3D conditions [23]. For example, the isogenic DLD1
KRAS*", KRASS"*P", PIK3CA*", and PIK3CA™****" colo-
rectal cancer cell lines exhibited substantially different growth
kinetics and sensitivity to the MEK inhibitor PD 0325901
depending on whether cells were cultured in 2D or 3D condi-
tions despite their identical, isogenic status [23]. Due to these
limitations, other methods of tissue culture have emerged that
more closely recapitulate clinical heterogeneity while limiting
artificial cell culture effects [22].

3 Organoids

Organoids are an advancement of traditional tissue culture that
is meant to more closely mimic the 3D architecture of primary
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tumors. Hans Clevers defined an organoid as “a 3D structure
grown from stem cells and consisting of organ-specific cell
types that self-organize through cell sorting and spatially re-
stricted lineage commitment” [24]. As noted in this conven-
tional definition, organoids can be derived from embryonic,
adult, or pluripotent stem cells [25]. However, somatic cells
can also be conditionally reprogrammed and cultured as
organoids using feeder cells and Ras homolog (RHO) kinase
inhibitors [25]. This method is not to be confused with somatic
cell reprogramming which involves generation of induced
pluripotent stem cell (iPSCs) from somatic cells using tech-
niques such as somatic cell nuclear transfer (SCNT), cell-cell
fusion, exposure to extracts of pluripotent cells, or iPSC tech-
nology [26]. It has been previously shown that organoids may
be established from a variety of tumor types, such as colon,
pancreas, esophageal, liver, endometrial, breast, and prostate
cancers all requiring different composition of cultural media
[27]. Previous studies have shown that organoids can maintain
similar histopathological features derived from the primary
tumor not only in the in vitro setting but also after being
injected into immunocompromised mice permitting their use
as an efficient tool to validate drug responses obtained in vitro
and also in more complex in vivo systems [27]. In fact, their
ability to better recapitulate tumor structure may have a greater
impact on predicting responses to novel and conventional
anti-cancer therapeutics with respect to 2D cell lines, opening
an avenue towards drug development and personalized med-
icine [27]. Organoids are not without downsides, however. As
will be discussed, they are slightly more technically and time
intensive than traditional cell culture, can be subject to over-
growth and passage effects, and have limitations similar to cell
culture relating to drug metabolism.

In general, organoids have a number of important features
that set them apart from traditional cell culture and animal
models [22, 28]. They self-organize and mimic the general
architecture of the tissue of origin, and, importantly, maintain
these characteristics over successive passages. This more rel-
evant in vitro model offers advantages for studying tumor
progression, treatment responsiveness, and interactions with
the immune system and the tumor microenvironment (Fig. 1).
Moreover, the morphological stability of organoids allows
them to be coupled with other powerful techniques such as
CRISPR/Cas9 and single-cell analysis [28]. As will be
discussed below, organoids are also genetically stable models
[24, 29].

The most common method of generating organoids from
normal and tumor tissue is with adult stems cells isolated from
resected tissue or biopsies using conditioned media supple-
mented with growth and selection factors [24, 25]. Most
organoid media is supplemented with R-spondin, Wnt, epi-
dermal growth factor (EGF), and Noggin, together with the
ALK (anaplastic lymphoma kinase) inhibitor A83-01, p38
inhibitor SB202190, and nicotinamide [28]. Lgr5 is a G
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protein—coupled receptor that is found on stem cells and binds
R-spondin, whereas Wnt (i.e., Wnt-3A) is a ligand for Frizzled
receptors found on Lgr5™ stem cells [28]. Noggin is included
because it is a bone morphogenic protein (BMP) receptor
inhibitor. BMP receptor engagement on Lgr5* stem cells neg-
atively regulates stemness, whereas EGF binding to EGF re-
ceptors on Lgr5* stem cells increase stemness [28]. A83-01
and SB202190 both appear to increase the number of passages
of organoids and their long-term culture [29]. This method of
culturing adult stem cells has been validated in a variety of
tissue and tumor types although important differences exist
between tissues in terms of specific composition of the growth
media [24]. In addition to distinct culture requirements,
organoid culture success rates can vary significantly between
different cancer types [30].

As noted, adult stem cell-derived organoids are more fre-
quently employed and appear to have a number of advantages
over pluripotent stem cell organoids in terms of retention of
phenotypic tissue features, biobanking, genetic modification,
generation of matched normal controls, and incorporation of
an immune system, among others [22].

However, a central question to consider with organoids,
given the dynamic and heterogeneous nature of the cancer
genome, is how well do organoids reflect the genetic and
mutational profile of the parent tumor and how stable are the
genetics over the study/treatment period? In other words, do
the conditioned and semi-artificial culture conditions of
organoid growth environments result in deviation of tumors
from their inherent genetic mutational evolution?

3.1 Modeling tumorigenesis and tumor evolution

As noted, intensified focus on the evolution and development
of tumors has created a need to craft systems capable of
modeling these processes [28]. Organoids appear to be a flex-
ible system in terms of genetic manipulation and therefore can
be used as a platform for discovery of novel genes involved in
tumorigenesis [31]. Building on a previous study that used a
Sleeping Beauty transposon—based mutagenesis screening
system, Takeda et al. used a CRISPR-Cas9 gene-editing strat-
egy to knockout genes in intestinal organoids derived from
both mice and from human colorectal tumors [32, 33]. This
system has significant advantages over knockout mouse
models in terms of assessing cancer driver gene function, par-
ticularly in terms of cost and time. From a pool of genes they
identified, they selected 29 candidate tumor suppressor genes
(including 7rp53, Smad4, and Pten) for loss-of-function stud-
ies. Using organoids sourced from mouse intestinal tumors
with a mutated APC and mutated Kras background
(APCA7') Kras *912P) (both commonly mutated genes in
colorectal cancer), they transduced the organoids with
lentiviral vectors containing Cas9 and GFP, followed by len-
tivirus transduction with viral particles containing pools of
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tumor suppressor candidate gene gRNAs. Once these pooled,
loss-of-function, organoid models were established, they were
transplanted into NOD/SCID/y-chain (NSG) mice for subse-
quent studies. When taken together, they revealed that loss of
function of one or more genes leads to liver metastasis in mice
orthotopically implanted with these organoids [33].
Importantly, the system they developed for colorectal cancer
is an innovative strategy for manipulating driver genes using
organoids that can be leveraged for discovery of other critical
driver genes and assessment of therapeutics.

Organoids have also been established from multiple single
cells isolated from both normal intestinal crypts and colorectal
cancers [34]. In this study, pieces of tumors were isolated from
distinct locations of colorectal tumors from three previously
untreated patients, grown as organoids, and sorted via flow
cytometry to yield single cells for subsequent organoid culture.
Phylogenetic trees were constructed using mutational data de-
rived from whole genome sequencing or targeted gene panel
sequencing, comprising 360 known cancer genes. Methylation
patterns, epigenetic analysis, and drug sensitivity were also ex-
amined for the single cell-derived organoids. Interestingly, sin-
gle cell-derived organoids exhibited extensive genetic hetero-
geneity. Key putative driver mutations identified as being in the
trunk of the phylogenetic tree of one patient included PIK3A
(E81K) and BRAF (V600E) together with microsatellite insta-
bility and hypermethylation of the MLH1 gene. The second
patient had two protein truncating mutations in APC together
with a mutated TP53 containing a homozygous splice site mu-
tation [34]. The third patient, on the other hand, had a mutated
KRAS (A146T) and two truncating APC mutations. Based on
the mutational load and the somatic mutations observed, muta-
tional signatures were identified and applied to each segment of
the phylogenetic tree for each of the single cell-derived
organoids [34]. Thus, these findings provide additional support
for the concept that as cancers develop and evolve, they acquire
more somatic mutations compared to normal cells. The process-
es that permit successive mutation in these colorectal cancer
cells likely become more permissive over time; however, the
timing remains unclear. Interestingly, as noted above, two of the
patient-derived organoids were mismatch-repair proficient [34].

The aforementioned study demonstrates that organoid
based systems can be used to construct complex phylogenetic
and mutational signature profiles of single cells that appear to
recapitulate the mutational dynamics of the tumor. Thus,
organoids may be used map mutational processes that could
predict tumor responsiveness to the environment or therapeu-
tics over time.

3.2 Platform for drug screening and drug discovery
In addition to their utility in dissecting tumorigenesis and can-

cer evolution, organoid models can be used to study a tumors
response to cancer chemotherapeutic agents.

This generally entails constructing a library or biobank of
organoids established from numerous tumor samples or biop-
sies and performing gene expression profiling prior to drug
screening, which is technically complex. The goal is to estab-
lish a protocol for creating a patient-derived organoid (PDO)
tumor model that faithfully reproduces the genotype, pheno-
type, and therapeutic response of the patient’s tumor such that
it can be used to study new and existing agents, as well as drug
resistance.

The combination of gene expression analysis and therapeu-
tic profiling is now more readily being employed to charac-
terize and validate organoids in order to match their biological
progression response to treatment with that of the tumor [35].
Studies differ in several important terms that need to be con-
sidered: the size of the biobank or library, the outgrowth effi-
ciency from the primary tumor sample, culture conditions,
methods used to characterize organoid gene expression, sim-
ilarity to the primary tumor, the number and types of agents
screened, and the therapeutic outcomes.

In general, the size of biobanks or libraries is limited by the
availability of tumor samples. Additionally, the method of
tumor tissue procurement (i.e., biopsy, surgical resection)
can alter the size of the biobank or library due to differences
in efficiency of organoid outgrowth and isolation techniques
[36]. For example, a recent study constructed a biobank from
83 tumor samples isolated via a combination of surgical re-
section and biopsy [37]. The overall outgrowth efficiency of
the organoids was 62% [38]. The majority of the organoids
sequenced were obtained via surgical resection, whereas the
outgrowth efficiency of biopsy sourced organoids was low
(31%) [37].

Studies on refining the method of establishing organoids
from biopsy samples have led to improved outgrowth efficien-
cy [36]. Starting with 159 pancreatic tumor samples from 138
patients, Tiriac et al. ultimately constructed a library of 114
PDOs from 101 of these patients [28]. Slight variations in
efficiency depending on the route by which the tumor sample
was obtained (fine needle biopsy or tumor resection, 72%
versus 78%, respectively) were observed. In addition to the
patient-derived tumor samples, the authors developed 11 hu-
man normal pancreatic ductal organoids from pancreatic islet
transplant samples [35].

Biobanks of organoids can also be used to perform co-
clinical trials (a side by side study matching patient drug
responses to the drug responses of pre-clinical, translational
laboratory models) [37]. In this study, metastatic colorectal
cancer (n = 16), gastroesophageal cancer (n =4), and cholan-
giocarcinoma (n = 1) were procured via biopsy and grown as
organoids, with a 70% efficiency [32]. This biobank then
served as a platform for drug screening, discussed more be-
low. In a similar study, Ooft et al. examined the predictive
potential of organoids derived from metastatic colorectal can-
cer biopsies (n=67) from patients (n = 61) prior to receiving

@ Springer



12

Cancer Metastasis Rev (2021) 40:7-30

chemotherapy and compared the patient’s response to drug
with that of the organoid’s response to drug [39]. Due to a
variety of circumstances (i.e., retrieval of tissue and cells,
quality control, and bacterial infection), the authors report that
they achieved a 63% PDO culture rate for tumors isolated
from patients via biopsy.

In concert with the route of procurement, culture conditions
can also have a profound influence on outgrowth efficiency.
Serum-free culture conditions can be used for organoid prop-
agation to ensure that nonepithelial cells do not survive culture
and propagation efficiency is maximized [35, 40, 41]. Others
have looked at how different types of organoid media can be
formulated to select for organoids harboring certain oncogenic
mutations while eliminating overgrowth of non-tumor cells
[37]. For example, conditioned organoid media created selec-
tive pressure for outgrowth of KRAS G12R mutant tumor
cells from normal pancreatic tissue from an unidentified pre-
cancerous lesion in a patient sample [37]. Others have report-
ed growing their PDOs on Matrigel using standard PDO cul-
ture media to select LGR5™ stem cells from their biopsies with
a high rate of efficiency (70%) in line with previously pub-
lished data [42]. Histological and immunohistochemical as-
sessment is often used to confirm that the organoids retain
parental tumor characteristics [32].

Studies are increasingly using combinations of high-
throughput methods to document the landscape of gene ex-
pression and genetic mutations in organoids as a prelude to
interrogating them with drugs. For example, single nucleotide
variants (SNVs) and copy number alterations (CNAs), char-
acterized using Sanger sequencing and whole exome sequenc-
ing (WES), have been used to establish the genetic and muta-
tional landscape of the organoids PDAC organoids [28]. In
this study, whole genome sequencing (WGS) was employed
with a subset of the PDAC-confirmed PDOs to determine the
degree of similarity between the organoids and matched tu-
mors [28]. Similarly, transcriptomic profiling using RNA se-
quencing (RNA-seq) has been used to compare the gene ex-
pression of the PDOs with classic and basal signatures identi-
fied from virtually microdissected PDAC [35, 43]. WGS and
next-generation sequencing (NGS) are also used to look at
panels of oncogene or tumor suppressors commonly found
in a tumor type to validate the organoid model and to guide
selection of therapeutics for experimentation [32, 37].

Ultimately, the end goal of these efforts to characterize
organoids is to understand the parameters governing sensitiv-
ity or resistance to conventionally used drugs and to discover
new agents. Indeed, transcriptomic gene expression profiling
is facilitating screening of difficult to treat cancers such as
PDAC [28]. Pharmacotyping PDAC PDOs using commonly
employed conventional chemotherapeutic agents such as
gemcitabine, nab-paclitaxel, irinotecan, 5-fluoruracil, and
oxaliplatin revealed interpatient variability to these agents
[28]. This, in turn, allowed further classification of the PDOs
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according to degree of chemosensitivity (i.c., most responsive,
intermediately responsive, and least responsive). Comparison
of these results with retrospective treatment data for patients,
from which these PDOs were derived, revealed that the treat-
ment responses as assessed by progression-free survival were
similar [35]. Subsequently, the effectiveness of a range of
targeted agents was assessed, with several demonstrating ef-
ficacy towards chemoresistant PDOs, including selumetinib
(MEK 1/2 inhibitor), afatinib (EGFR tyrosine kinase inhibi-
tor), everolimus (mTOR inhibitor), and LY2874455 (FGFR
inhibitor) [35]. Thus, incorporating transcriptomic data with
drug sensitivity pharmacotyping data provides further stratifi-
cation of the PDOs and may enable development of novel
therapeutic strategies.

Biobanks of organoids can also be used to screen large sets
of conventional and targeted agents in tandem with gene ex-
pression profiling. Following gene expression profiling of
hundreds of genes known to be involved in PDAC oncogen-
esis, the viability of a bank of PDAC derived organoids was
assessed following treatment with a range of agents [37]. In
this case, twenty-four PDOs in this bank were used to screen a
panel of 76 therapeutic agents revealing a wide range of indi-
vidual responses to targeted therapeutics and, in the case of a
small subset of 4 patients, the PDO responses correlated with
clinical responses [37]. Importantly, they queried their PDO
system with a novel therapeutic, protein arginine methyltrans-
ferase 5 (PRMTS5) inhibitor EZP01556 that exploits a synthet-
ic lethal vulnerability of the 80-90% of PDAC:s that are defi-
cient for the gene MTAP (methyladenosine phosphorylase)
[44]. Indeed, MTAP organoid lines exhibited greater sensitiv-
ity to PRMTS inhibitors, although some subsets of MTAP*
organoids also responded [37]. This both reinforces the poten-
tial of organoid systems for testing novel agents and under-
scores the need for further study.

Finally, screens of drugs can be done in organoids using
treatment protocols that mimic phased clinical trials or use a
co-clinical trial design to explore combination therapy [32,
35]. Using a library of 55 drugs in phase I-1II clinical trials
or currently in clinical use, Vlachogiannis et al. demonstrated
the ability of their PDO system to recapitulate drug responses
by correlating drug responses of the PDO to that of the patient
and tumor genotype [37]. While they found that the PDOs
with amplifications in some genes responded to agents
targeting the products of those genes, they did note that not
all mutations profiled were predictive of response. For exam-
ple, PI3K mutations did not predict response to the dual PI3K/
mTOR inhibitor GDC-0980 [37]. As part of the co-clinical
trial, they established orthotopic xenograft mice using
organoids and assessed the response to regorafenib, a multi-
angiogenic kinase inhibitor [37, 45]. Using MRI imaging in
tandem with CD31 immunostaining, they observed a similar
response in patients (resistance vs prolonged disease stability)
compared with PDOs derived from these patients. They report
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that their PDO system exhibited 100% sensitivity, 93% spec-
ificity, a positive predictive value of 88%, and negative pre-
dictive value of 100% to targeted agents or chemotherapy,
suggesting the potential utility of such pre-clinical systems
for drug screening and activity prediction [37].

In another recent example, CRC PDOs were randomized
into treatment arms: 16 PDOs to standard first-line therapy
with 5-FU and oxaliplatin; 12 PDOs to second-line therapy
with 5-FU and irinotecan; 10 PDOs to single-agent irinotecan.
Following this, they created a classification model to predict
non-responders to monotherapy with irinotecan. Analysis of
growth rate inhibition metrics and dose response curves for
PDOs (representing both progressive disease and stable dis-
ease) after treatment with irinotecan provided them with a
training data set they could query using a model prediction
method called leave-one-out-cross validation (LOOCYV) [39].
This allowed them to classify 80% of non-responders from
organoid drug sensitivity data compared with the correspond-
ing patient source. They note that this assay only required
5000 cells to perform. Similar classification of combination
therapy with 5-FU and irinotecan also suggested that PDOs
have predictive value for combination therapy. In this case, to
generate the complementary dose response curves for the 5-
FU and irinotecan analysis only required 10,000 cells and
could be generated in 21 days, a vast improvement over tra-
ditional cell culture systems [39]. Interestingly, they showed
that their organoid system failed to predict response to the
combination of 5-FU and oxaliplatin. This is an important
result because, as they note, it reveals the limitations in model-
ing combination therapy responses in organoids [35]. This
may be a result of incomplete understanding into the nature
of the synergism between agents or could also be due to a lack
of certain biological components in the organoid system such
as metabolizing enzymes (i.e., cytochrome P50s) or the
microbiome.

As discussed, many studies have focused on validating the
organoid models, building biobanks, or libraries, and screen-
ing them with a small cadre of predominately known thera-
peutic agents [28]. However, what remains to be determined is
whether organoid-based systems can actually facilitate the
discovery of novel (and active) therapeutic agents. Creation
of novel systems or strategies to propagate and curate
organoids for drug screening may provide an avenue to suc-
cessful identification of novel cancer drugs. Indeed, a novel
miniaturized organoid culture method that incorporates mini-
rings for 3D culture that can be rapidly screened for drug
sensitivity (within 1 week from surgical resection) was recent-
ly described [46]. This system uses fewer cells, smaller
amounts of Matrigel, and entails seeding cells around the
rim of a 96-well plate in a ring shape using a single well or
multi-channel pipette. Additional advantages of this system
are that adding and removing media and drugs can be done
with minimal disruption to the cells and the organoids appear

to resemble the tumor from which they were derived. Small-
scale proof-of-concept experiments using doxorubicin,
staurosporine, and a novel peptide inhibitor of p53,
ReACp53, revealed that the Matrigel layer allowed both small
molecules and peptides to penetrate and reach the organoids.
A larger screen with 240 protein kinases, at two different
concentrations, was performed using organoids derived from
4 patients with ovarian and peritoneal tumors. These included
inhibitors of CDK, MEK, EGFR, PI3K/mTOR, IKK, HDAC,
and Flt [46]. In general, they reported tumor-specific, non-
redundant responses for the inhibitors they assayed with the
exception of BGT226 (an PI3K/mTOR inhibitor) which elic-
ited responses from all of the organoids screened. Thus, in
accordance with the other studies discussed so far, organoids
appear to be a reproducible platform for personalized drug
screening that appropriately recapitulates the challenges of
inter-and intra-tumor heterogeneity observed in patients.
This system, which does appear cheaper and faster, could
potentially be deployed at a scale which could yield more
statistically robust and clinically translatable results.

The recently reported use of single-cell techniques to es-
tablish organoid cultures is another promising approach to
determine if the intra-tumor heterogeneity seen in individual
cancer cells translates into differential treatment responsive-
ness [34]. This is supported by the observation that organoids
can stably retain the genetic and epigenetic during propagation
[29]. As a consequence, derivation of organoids from single-
cells can shed light on how drug resistance develops in tu-
mors, which may occur late in tumorigenesis at geographical-
ly distinct sites in the tumor [27].

The advent of organoids-on-a-chip, which seek to replicate
in vivo conditions in vitro, using organoids is particularly ex-
citing [47]. This technology offers the opportunity to assess
cancer cell interaction with normal tissue, the immune system,
and response to therapeutics. A model to study the interactions
of T cells with tumor organoids established from mismatch-
repair deficient CRC or non-small-cell lung cancer NSCLC)
was recently reported [48]. In this system, co-culture of pe-
ripheral blood lymphocytes with tumor organoids led to en-
hanced T cell tumor reactivity and cell killing [48].
Furthermore, T cell reactivity was exclusive to the organoids
that had been previously co-cultured, indicating and that this
system may be utilized to assess the extent of immune-specific
cytolytic T cell-mediated tumor destruction [48]. Other stud-
ies also lend support to the use of organoids in elucidating
immune-tumor interactions further suggesting that organoid
models could be adapted to an organoid-on-a-chip format to-
gether with stromal cells and microvasculature [42].

Another application of organoids-on-a-chip technology
could be in assessing drug-induced target and non-target or-
gan toxicity, a frequent cause for clinical drug failure [47, 49].
For example, Skardal et al. created a triple-tissue organ-on-a-
chip platform in which they integrated heart, liver, and lung
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organoid systems through perfusion-driven microreactors
constructed on poly-dimethyl siloxane that was connected se-
rially under fluid flow [47, 49]. In the “liver-on-a-chip” com-
ponent of this integrated system, they show stable and repro-
ducible activity of stellate cells, Kupffer cells, and hepatocytes
with measurable ATP production. Remarkably, this system
can also be used to measure output of products such as albu-
min and urea, harbors metabolically active cytochrome P450
enzymes (CYP3A4 and CYP2C19), and it can be used to
assess liver damage following exposure to acetaminophen
with lactate dehydrogenase levels and liver cell protein release
as outputs of drug-induced related liver toxicity [47, 49]. This
last point is crucial, as this team demonstrated superior advan-
tages of this system compared with 2D hepatocyte culture, and
highlights the clinical relevance of this novel approach in
predicting liver metabolism and toxicity which are critical
components of the drug development process [47, 49].

Finally, an area of need that could be addressed with
organoids-on-a-chip is modeling the effect that biochemical
and metabolic intermediates have on tumors and their extra-
cellular environment. In other words, can the non-cellular
conditions in which a tumor resides and proliferates be reca-
pitulated? Some promising work along these lines has ap-
peared in the literature in regard to tumor microenvironment
metabolites but more progress is needed [50, 51].
Advancements in microfluidics and perfusable blood vessels
permit incorporation of soluble factors and nutrients, normally
present in the extracellular milieu, into these models that more
accurately mimic in vivo culture conditions and tumor micro-
environments [47, 52].

In summary, organoids, like the human patients they are
derived from, exhibit genotypic and phenotypic heterogene-
ity, in some cases, organoids recapitulate clinical responses.
Establishment of organoid biobanks and libraries allows high-
throughput compound screening that can be readily translated
into animal models.

4 Mouse models

Tumor development is, in general, a progressive process
fueled by mutations in driver genes such as oncogenes or
tumor suppressor genes that ultimately provide an evolution-
ary advantage for tumor survival [53, 54]. Considering the
number of driver genes that can be mutated, it is not surprising
that tumors are heterogeneous, containing many sub-clones
that take different paths during clonal evolution in a self-
selecting, self-propagating manner. In addition to genetic
changes, the tumor microenvironment, the immune system,
exogenous toxins and environmental xenobiotics, cancer che-
motherapy, and the microbiota can all influence the mutation-
al course a tumor traverses as it grows and evolves. Therefore,
having a model system whereby biological consequences of
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step-wise mutational changes can be mapped, and future mu-
tations predicted, is of great importance. Gaining insight into
this process could aid in drug discovery and tailored treatment
of patients. In the sections that follow, we will review the
different mouse models currently used in cancer research
and discuss representative studies, advantages, and disadvan-
tages of each system. For each of the models, we will consider
its suitability for studying: tumor evolution and heterogeneity,
metastasis, immune-tumor interactions, and suitability as a
platform for drug discovery and screening (Fig. 1).

4.1 Xenograft and syngeneic mouse models

For decades, the most basic and frequently employed mouse
models used to assess tumor growth and screen conventional
chemotherapy or candidate drugs have been simple
xenografted or syngeneic mice. Typically, these mouse
models involve subcutaneous administration of human
(xenograft) and mouse (syngeneic) tumor cells without regard
to the organ of tumor origin (heterotopic) or via implantation
of tumor tissue or cells into the tissue corresponding to the site
of the tumors origin (orthotopic) [55]. Cell culture—derived
xenograft mice and syngeneic mice require less technical skill
and time to establish but they are less predictive of a patient’s
response to therapeutics compared with genetically
engineered mouse models (GEMMs) or patient-derived
xenograft (PDX) mice, which are discussed in subse-
quent sections [56].

4.1.1 Tumor evolution and heterogeneity

For a variety of reasons, simple subcutaneous xenograft
mouse models, where human tumor cells grown on a plate
are injected into a mouse, are not robust tools in investigating
tumor evolution [55, 57]. This is, in part, due to the source
material. As discussed, cancer cells grown on plates are unre-
liable predictors of mutational progression in tumors due to
numerous additional mutations cell lines acquire from repeat-
ed propagation on artificial tissue culture plates [12, 58].
Indeed, cancer cell lines tend to lose their heterogeneity and
become more homogeneous with continued selection on cell
culture media in the absence of tumor microenvironment and
immune influences [57, 59]. Orthotopically implanting human
or mouse cancer cells into a mouse yields a more representa-
tive model of tumor development because the implanted tu-
mor is placed in the organ environment similar to that from
which it originally arose [55, 57]. In the case of some tumor
types, such as breast cancer, the orthotopically implanted tu-
mor fragments are more representative models of tumor de-
velopment and tumor microenvironment [55, 57].

Syngeneic mouse models represent an improvement on
heterotopic subcutaneous or orthotopic xenograft models
using human cancer cells to study tumor evolution and tumor
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heterogeneity because murine tumor cells can be inoculated or
implanted into immunocompetent mice [60]. Syngeneic mice
were among the first in vivo oncologic models created, with
the discovery of the mouse leukemia model L1210 in 1960
followed closely by establishment of solid tumor syngeneic
models [58]. This leukemia model, studied extensively by
Howard Skipper for drug and pharmacokinetic screening,
demonstrated not only that combination chemotherapy could
be superior to single treatment experiments, but also that the
schedule of administration was important to the efficacy of a
given regimen. In 1964, Skipper would report the cure of
murine leukemia in L1210, a discovery that aided in the de-
velopment of a durable cure for acute lymphocytic leukemia
in a subset of human patients [61]. Although many years have
passed since this milestone, syngeneic mice continue to be
used as a pre-clinical models for drug screening, and more
recently as essential tools for predicting response to immuno-
therapy [58, 61-63]. With their wide application potential, it is
important to consider specific molecular features when
selecting a model for drug screening, pharmacokinetic studies,
and translational potential.

Unfortunately, syngeneic mouse tumors have the disadvan-
tage of a lower mutational load than comparable human tu-
mors [57]. In general, mouse tumors are less heterogeneous
than human tumors because of inter-species differences [9,
64]. This ultimately translates into differences in gene expres-
sion profiles, baseline immune infiltrates, and response to
drug treatment including immune checkpoint blockade [58,
61]. Indeed, analyses of syngeneic tumors of colon, breast,
renal, and melanoma origin have revealed that there are pro-
found differences between models even of the same cancer
type, indicating that extensive profiling of syngeneic models
may be necessary for creation of more predictive pre-clinical
models [61]. In a study of 12 different syngeneic orthotopic
models of metastatic breast cancer, differences in gene expres-
sion profiles, histopathology, angiogenesis, and proliferation
rates have also been noted [65]. Despite this inter-model het-
erogeneity, these syngeneic mice recapitulated human sam-
ples and more than half of the most commonly mutated genes
in human breast cancer were represented within their panel
and could assist in predictive modeling for different forms of
breast cancer [65].

4.1.2 Metastasis

The suitability of mouse models for studying metastasis con-
tinues to be a challenging area. Unsurprisingly, heterotopic
mouse models where cancer cell lines are injected into a
mouse rarely result in metastasis [65-67]. This is, in part, a
product of poor mismatch between the cancer cells and the
tumor microenvironment of the mouse and the lack of an
immune system (i.e., nude mice and NSG mice) [55, 66,
67]. This is especially true for xenograft models, where human

cancer cells are injected into a mouse; however, similarly poor
rates of spontaneous metastasis are encountered with allograft
injection of mouse cancer cells into mice [66, 67].
Interestingly, in the case of intravenous injection, the site of
injection dictates to some degree the extent and site of metas-
tasis [66]. Injection of cancers cells in the tail vein of the
mouse results in metastasis to the lung, portal vein injection
leads to hepatic metastasis, intracardiac injection yields more
diffuse metastasis to brain and bone, and so on [66, 67]. Thus,
it stands to be questioned if this truly represents metastasis, as
the early steps in metastatic development and progression are
bypassed due to the route of administration [66, 67]. There
are, however, a handful of examples where injection of human
cancer cells leads to metastasis. These include metastatic
prone human cancer cells lines such as MCF-7 and MDA-
MB-231 breast cancer cells, KM12 colon cancer cells, A7
and B16 melanoma cells, PC-3 prostate cancer cells, and
SKOV3 ovarian cancer cells [66].

In contrast to heterotopic administration of cancer cells,
orthotopically implanting human cancer cells or mouse tu-
mors cells into mice more closely approximates the tumor
microenvironment and can, in certain syngeneic mouse
models, result in metastasis [65]. There are a number of mouse
cell lines that lead to tumor formation and metastasis
such as 4T1, B16, Lewis lung carcinoma cells, Met-1,
and RM1 [66]. It was recently reported using orthotopic
injection of 4T1 mouse mammary tumor cells (generat-
ed from CARMILI-WT or CARMILI1-AA cells) into
BALB/c mice to study the role of macropinocytosis in
mediating treatment resistance [68]. They found that
macropinocytosis fuels tumor growth (possibly by gen-
erating intracellular cell nutrients such as amino acids,
sugars, fatty acids, and nucleotides via necrocytosis) and in-
creases resistance to 5-FU [68]. Despite these examples, it is
still not clear whether these models are more predictive when
utilized to assess anti-cancer therapy.

4.1.3 Immune-tumor interactions

Of all of the models discussed, xenografts are the least useful
for studying immune-tumor interactions [66]. Syngeneic
mouse models do have an intact immune system, although it
is a mouse immune system and may not approximate the types
of interactions observed in human tumor environments (par-
ticularly in regards to evaluating biologics targeting human
proteins such as PD1) [69]. Nevertheless, there are advantages
to using parenterally or orthotopically derived syngeneic mice
including short latency periods, reproducibility, and genetic
tractability [55, 70]. There are many examples of syngeneic
mouse models that have been used to explore immune-tumor
interactions [71-74]. To address potential differences between
these models for immunotherapy, Mosley et al. meticulously
compared syngeneic mouse models through the lens of
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immunologically hot and immunologically cold tumors that
involved gene expression profiling of immune-related path-
ways and responses to immune checkpoint inhibitors [71].
The hot or cold phenotype correlates with the extent of T cell
infiltration into to the tumor microenvironment [75, 76]. They
began by assessing the effectiveness of inhibiting immune
checkpoints with anti-CTLA-4 antibodies or anti-PD-L1 anti-
bodies in six different syngeneic mouse tumor models (CT26,
RENCA, 4T1,B16F10 AP-3, LL/2, and MC38) and observed
that only two models responded to the anti-CTLA-4 treatment,
CT26 (a mouse colon carcinoma model), and RENCA (a
mouse renal cell carcinoma model), as measured by decreases
in tumor volume [64]. Only the CT26 mice responded to anti-
PD-L1 treatment. Based on this differential response, the au-
thors performed genomic analysis of the original cell lines
used for these mouse models by examining CNVs, whole-
exosome analysis, and transcriptomics to look for differences
in gene expression signatures and mutational profile between
the different models. They discovered that CNV levels in the
parent cell lines were not altered by their method of generation
and that, in the case of CT26, there was no difference in the
overall mutational burden [71]. Using a panel of 64 prominent
cancer genes, the authors then used WES to compare the mu-
tational profile of tumor cell lines with matched tumors. In the
case of CT26, they found that APC and Kras were mutated in
both CT26 cell lines and human colorectal tumors but that
CT26 did not have the 7rp53 mutation found in human colo-
rectal tumors. Nevertheless, they found a high overall corre-
lation (r =0.766) in mutant allele frequency between the mu-
rine cell lines and the corresponding syngeneic murine tumors
(in vitro versus in vivo) [71]. Transcriptomic profiling re-
vealed that differences in gene expression in innate immune-
related pathways could have accounted for the lack of respon-
siveness to checkpoint blockade and the cold phenotype of
B16 mouse tumors. Further support for differences in the im-
mune system microenvironment between these models came
from analysis of immune cell infiltration in tumors via flow
cytometry where they profiled nine nonoverlapping innate
and adaptive immune cell phenotypes [71]. This analysis
demonstrated that immune cell infiltration varied markedly
between the models perhaps accounting for the differential
responses. For example, 4T1, MC38, and LL/2 were enriched
for immunosuppressive granulocyte macrophage—derived
suppressor cells (gMDSCs) and monocytic macrophage-
derived suppressor cells (mMDSCs), whereas B16F10 and
AP-3 tumors were poorly infiltrated by immune cells overall
and therefore immunologically cold. Importantly, CT26 and
RENCA had the most balanced population of immune cells
including the highest CD4" and CD8" T cell populations of
all the models indicating a robust immune reaction even in
the absence of immunotherapy [71]. Lastly, they note that while
these models may not clearly translate to the clinic, they do
provide a platform to evaluate the ability of immunotherapeutic
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approaches to achieve responses in tumors with a different
immunophenotypic background.

Finally, due to the abundance of well-established models
and the advantage of an immunocompetent system, syngeneic
models have been widely utilized as a pre-clinical tool for
immunotherapy screening and it is thus important to charac-
terize whether pharmacokinetic (PK) and pharmacodynamic
(PD) parameters can be accurately translated into human clin-
ical trials. Using the syngeneic MC38 tumor—bearing C57BL/
6 mice, it was demonstrated that this model was useful for
optimizing dose-range selection for the anti-PDL1 antibody
pembrolizumab in early clinical development. As a result,
they concluded that antibody distribution kinetics, drug asso-
ciation and dissociation, receptor occupancy, and dose re-
sponse to a wide range of tumor growth rates were all mea-
sures that could be allometrically scaled to human parameters
and accurately simulate findings in the clinical setting for se-
lection of the lowest effective dose [77].

4.1.4 Drug discovery and drug screening

Xenograft and syngeneic mouse models have been extensive-
ly used as a means to assess the ability of conventional ther-
apeutic agents to alter tumor growth or volume [56, 60,
78-86]. However, there appears to be divergence among xe-
nograft and syngeneic mouse models in terms of their respon-
siveness to conventional chemotherapeutic agents. A retro-
spective based literature search comparing the responses of
cell lines, xenograft, and syngeneic mice to thirty-one differ-
ent cytotoxic cancer drugs found markedly distinct outcomes
that differed across tumor types. For the four solid tumor types
examined, colon, breast, ovarian, and NSCLC, they correlated
the pre-clinical in vitro activity of each drug with phase II
response rates by tumor type [56]. They also calculated
whether the response in one tumor type could predict
response in the same tumor type, in the other three
tumor types combined, or in all four tumor types com-
bined. In this case, it was found that cell lines could
predict response in NSCLC, breast, and ovarian cancer,
whereas syngeneic mouse models were not predictive
and cell line—derived xenografts were predictive for NSCLC
and ovarian cancer, but not breast cancer and colon cancer. In
contrast, a screen of seven different syngeneic models of vary-
ing cancer types (two leukemia models and five solid tumors)
found that syngeneic in vivo models can be used as a platform
for drug screening, particularly for lymphoma, melanoma, and
breast cancer [62].

Much like drug response, the predictive value of syngeneic
models for assessing drug pharmacokinetic and pharmacody-
namic parameters is dependent on the syngeneic model and
tumor type being studied. In lymphoma syngeneic models, for
example, the pharmacokinetic properties of rituximab plasma
concentration and overall efficacy are significantly influenced
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by tumor burden in mice similar to what is encountered in
human clinical studies [87].

However, when taken together, the predictive utility
of this cell-derived xenograft and syngeneic mouse
models for drug response differs significantly between
cancer types, with some positive results in melanoma
and lymphoma, and disappointing results in other cancer
types such as colon, breast, ovarian, and lung cancer
[62, 63]. Further, even within the same cancer type,
different syngeneic tumor cell lines have demonstrated
markedly different molecular features and immunologic pro-
files in breast cancer, as well as renal and colon cancer [71,
88]. An additional concern regarding this model system is the
lack of an accurate tumor microenvironment with stromal,
vascular, and immune components when using either flank
or orthotopic injection [89]. Insofar as these specific cancer
types are concerned, thorough interrogation of a particular
syngeneic model regarding gene expression pattern and im-
munologic profile within the context of the human target pop-
ulation is required.

To further enhance the mechanistic and clinical relevance
of pre-clinical in vivo models, GEMMs and PDXs models
were developed.

4.2 Genetically engineered mouse models

Genetically engineered mice, or transgenic mice, were first
described in the early 1980s following development of tech-
niques that allowed stable transmission of genes to successive
generations upon injection of cDNA into mice pronuclei [90].
This technique led to establishment of models of oncogenesis
whereby oncogenes were overexpressed, or tumor suppressor
genes silenced and this, in turn, yielded spontaneous tumor
formation. The earliest studies with genetically engineered
mouse models (GEMMs) demonstrated that inserting onco-
genes such as ERG, KRAS and MYC, for example, into trans-
genic mice led to the development of cancer [91, 92]. Thus,
tumor development in these models was driven by genetic
manipulation. As will be discussed, newer methods including
Cre/loxP gene silencing, viral vectors, or CRISPR/Cas9 gene
editing have emerged that dramatically alter the time scale of
producing GEMMs [70]. GEMMs can also be induced to
develop spontaneous tumors upon exposure to environmental
factors (i.e., carcinogens, radiation) which can induce single
nucleotide changes in genes and recapitulate a patient’s tumor
[57, 93, 94].

Some of the notable limitations of GEMMs are that gener-
ating and propagating them requires dedicated labor, is time
consuming, expensive, and as already discussed there is less
resemblance to human tumors. However, GEMMs can play
an important role in dissecting out specific molecular events in
oncogenesis and in determining the relationship between these
events and therapeutic responsiveness.

4.2.1 Tumor evolution and heterogeneity

GEMMs are, arguably, a very effective mouse model for
studying tumor heterogeneity and evolution, because they
are genetically tractable, allowing investigation of specific
mutations in a stable genetic background [57]. As noted,
GEMMs are classically generated by inserting inducible or
constitutively expressed cDNA, encoding tumor suppressor
genes or oncogenes, into mice via direct injection of mouse
oocytes or by means of viral vectors [57, 95]. More recently,
targeted disruption of genes using Cre/loxP recombinase has
been developed that allows conditional expression or deletion
of genes.

Niknarfs et al. used transgenic GEMMSs to characterize
clonal evolution in pancreatic cancer [96]. The two
GEMMs, known as KPC (LSL-Kras®'?P/*; LSL-
Trp53R!72%*: Pdx1-Cre) and KPTC (LSL-KRASG12D/™;
LSL-Trp53R172H/; Tgfbr2flox/*; PtflaCre/") are condition-
al mice that when bred with cre-recombinase-expressing mice,
lead to expression of active mutant Kras, and loss of p53 (by
means of a dominant negative mutation) [96]. These mice
closely mimic the histopathology and clinical features of
PDAC and are more biologically relevant models for studying
clonal evolution and tumor heterogeneity [96]. Based on their
results, these authors concluded that KPC and KPTC mice
accumulate sub-clonal somatic mutations as measured by
copy number alterations in essential PDAC pathways includ-
ing chromosomes containing the Cdkn2a gene (chr4), Tgfbr2
gene (chr9), and Trp53 (chrll) [96]. Other modifications in
DNA damage response genes (Msh3), and genes involved in
cellular recovery to DNA damage (Mastl) were also noted
[96]. This group also discovered an unrecognized role for
the gene Nlrplb (part of a family of immune pattern recogni-
tion receptors) that was found to have undergone focal homo-
zygous deletion in three mice (KPC8, KPC9, and KPTC26)
[96-98]. Nlrp1b is also somatically altered in human pancre-
atic cancers. Ultimately, by modeling the genomic mutations
observed in their models across different segments of the tu-
mors, they could also assess the spatial heterogeneity within
each of the mouse tumors allowing them to construct phylo-
genetic trees charting the evolutionary history of cells from
each segment [96]. However, a liability of this method is that
it can alter the germline. With more recent CRISPR/Cas9
techniques, researchers can move away from blunt germline
alterations of gene expression to more controlled, targeted
tissue-specific changes. Indeed, the use of CRISPR/Cas9 gene
editing is now enabling manipulation of numerous cancer
genes simultaneously [99].

As was discussed with organoids, single-cell analysis is an
emerging tool that can be used in tandem with mouse models
such as GEMMs to trace cell lineages with applications in
cancer [100, 101]. Also, the applications of these combina-
tions of technologies can be used to address tumor
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heterogeneity in non-cancer tumor cells, such as stromal cells.
For example, Bartoschek et al. used single-cell analysis to
identify spatially and functionally distinct classes of cancer-
associated fibroblasts from a MMTV-PyMT mouse breast
cancer model [102].

4.2.2 Metastasis

Compared with other mouse models, GEMMs are well suited
to investigating metastasis and there is a growing body of
literature demonstrating de novo metastasis of breast and pan-
creatic cancer tumors [66, 103, 104]. This is highlighted in
studies using the KPC pancreatic adenocarcinoma transgenic
mouse model, which carries both inactivating p53 and activat-
ing KRas mutations [55, 105]. As a result, these mice develop
spontaneous tumors which metastasize to the liver at a high
rate of 50—75% of mice [55]. In addition, in contrast to patient-
derived xenograft or syngeneic mouse models, these mice also
exhibit significant stromal and fibroblast infiltration, similar to
that observed in human pancreatic adenocarcinomas [105].
These features make the KPC GEMMs useful models for
studying the biology of metastasis, anti-metastatic agents,
and treatment resistance [55, 105, 106]. For example,
Morton et al. showed that the Src inhibitor could inhibit me-
tastasis in KPC GEMMs [92]. There are a number of other
GEMM models of PDAC with mutant p53 and Kras which
also have fibrous desmoplastic stroma (that interferes with
both drug penetration and immune infiltration), as well as
PDAC GEMM models with PanIN cells that undergo
epithelial-mesenchymal transition (EMT), further supporting
their clinical relevance [9, 107-109].

Finally, a number of recent studies have used GEMMs to
delineate mechanisms of metastasis in small-cell lung cancer
(SCLC) [110-112]. Building on the observations that p53 and
RB are mutated in more than 90% of SCLCs, mouse models
were established where these genes could be conditionally
silenced using the Cre/loxP recombination [113]. Deletion of
the cell cycle inhibitor, p130, in this model leads to enhanced
tumor development [113]. Denny et al. used loxP-flanked
Trp537, Rb17, p130”" mice crossed with R26™"™ mice to
establish conditional knock-down transgenic mice that, when
administered adenovirus containing the cre-recombinase via
inhalation, were deficient for p53, Rb1, and p130 [110, 114].
These mice, in turn, develop tumors that are tomato (mT)
negative and GFP positive owing to the cre-mediated excision
of mT in p53/Rb1/p130-deficient tumor cells, but not in nor-
mal cells [110, 114]. In this way, it was possible to track and
visualize GFP-positive tumor cells that metastasized. Using
this system, the authors were able to identify a putative driver
of metastasis, the transcription factor Nfib, which is involved
in chromatin remodeling [110]. This same study also
employed NSG mice to verify the metastatic potential of high
and low Nfib levels via subcutaneous administration or
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transplantation of SCLC cells deficient in or overexpressing
Nfib [110]. Other groups discovered a similar relationship
between Nfib and SCLC metastasis using Trp53, Rb1 condi-
tional knock-down GEMM mouse models [111, 112]. These
are just a few specific examples demonstrating that GEMMs
may be a useful for studying metastasis.

GEMMs may also be utilized to study epigenetic regulation
of metastasis. Recent studies show that epigenetic modifica-
tion of immune cells can serve as a precondition for
premetastatic microenvironment establishment and metastasis
initiation [115]. These studies highlight how different mouse
models can work in tandem to overcome limitations of any
one model. For example, a combination of GEMMs, xeno-
graft mice, and NSG mice were used to assess the effective-
ness of epigenetic modifying drugs on myeloid-derived sup-
pressor cells (MDSCs) in mediating metastasis [116]. First,
syngeneic C57/BL/6 mice or BALB/c mice were either sub-
cutaneously or orthotopically implanted with different cell
lines known to aggressively metastasize to the lungs: Lewis
lung carcinoma cells (LLC) (Sub-Q into C57/BL/6 mice),
HNMO07 esophageal squamous cell carcinoma cells (Sub-Q
into C57/BL/6 mice), or 4T1 mammary cancer cells
(orthotopic injection into mammary fat pads of BALB/c mice)
[116]. Tumors were resected and metastasis was assessed by
immunofluorescence and histology. Next, CD45.1 MDSCs
were isolated from the LLC or HNMO007 tumor—bearing mice
and transplanted into mice congenic at the CD45 Ly5 locus
(B.6SJL-Ptprc® Pepc’/BoyJ Ly5.1) [116]. The NSG mice
transplanted with LLC tumor tissue were used as a model to
guide dosing with the epigenetic modifying drugs azacitidine
and entinostat. Host MDSCs derived from CD45.1 mice-
bearing LLC tumors were then adoptively transferred into
CD45.2 congenically marked mice via tail vein injection in
order to track the primed tumor—derived MDSCs [116].
Treating these mice with low dose epigenetic modifying drugs
led to a reduction in trafficking of MDSCs to premetastatic
sites together with enhanced disease-free survival [116]. This
was confirmed using B6.12984-Ccr2™%/J mice, a knockout
mouse lacking expression of the Ccr-2 gene, an important
regulator of monocyte migration from the bone marrow to
the tumor microenvironment [116]. Therefore, by leveraging
the advantages of each of these mouse models, they demon-
strated that epigenetic changes in MDSCs prime them to de-
velop premetastatic niches for tumor cells even after tumor
removal.

Another recent example focuses on the role of the epige-
netic modifier polycomb repressor complex 2 (PRC1) in me-
diating stemeness, metastasis initiation, and local tumor im-
munosuppression in double negative prostate cancer (DNPC)
[115]. A combination of mouse models was utilized including
nude mice, NSG mice, Pten”“—/~FVB/NJ mice and
Pten” “—/~Smad4”“—/~FVB/NJ mice [115]. The nude mice
were used as the model for metastasis due to the lack of an
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immune system. Nude mice were injected intracardially with
luciferase-labeled androgen receptor (AR)-negative PC3M
cells in the presence or absence of RNF2 (ring finger 2)
shRNA (small hairpin RNA), a catalytic component of
PRCI1, thereby knocking down PRCI. Silencing RNF2 sup-
pressed metastasis. The Pren” “—/— mice develop prostate
cancer but have little to no metastasis, whereas the genetically
modified Pten”“—/-Smad4”“—/— develops metastatic pros-
tate cancer [117, 118]. This provides a model for studying
how PRC1/RNF?2 alters prostate cancer cells to influence me-
tastasis. Briefly, shRNA-silenced prostate cancer cells from
Pten”“—/—Smad4”“— /- lacking functional PRC1 were
injected into nude mice and metastasis to the bone and liver
was reduced. Through a combination of RNA-seq and chro-
matin immunoprecipitation (CHIP) sequencing, they identi-
fied CCL2 as the target of PRCI1 that mediates metastasis
initiation and immunosuppression. CCL2 promotes recruit-
ment of MDSCs and tumor-associated macrophages (TAMs)
that create an immunosuppressed tumor microenvironment
and favor bone colonization in prostate cancer [115].
Finally, FVB/NJ mice were inoculated with cells from their
prostate cancer model (Pten” “—/-Smad4”“~/-) and treated
with a small-molecule inhibitor of RNF2, identified in a
screen of a compound library—inhibited metastasis.
Combination of the RNF2 inhibitor (GW-516) with anti-
CTLA-4 and anti-PD-1 antibodies completely suppressed me-
tastasis. Therefore, again, multiple mouse models can be used
in tandem to study epigenetics, metastasis, and test novel
compounds.

Lastly, an important caveat for congenic GEMM mouse
strains that should be mentioned is that they appear to harbor
significant amounts of passenger mutations as a consequence
of genetic variation from embryonic stem cells (ESCs) used to
establish the mouse lines [119]. While this likely poses less of
an issue for the vast majority of translational cancer mouse
studies, this could have the potential to interfere with interpre-
tation of results in studies using congenic mice particularly as
it relates to studies focused on tumor heterogeneity and iden-
tification of driver genes.

4.2.3 Immune-tumor interactions

Like syngeneic mouse models, GEMMs have an intact im-
mune system (albeit a mouse immune system) so they can
more accurately model the interaction of tumors and the im-
mune system in terms of tumor development and response to
therapeutics [69]. This is in part due to the native development
of the tumors in a microenvironment that adapts and changes
with the tumor [89]. This microenvironment contains stromal
elements, vasculature, and immune cells that influence the
tumor’s relationship with the immune system [89] However,
there are a number of limitations of using GEMMs in
immune-tumor interaction studies that need to be considered

[89]. Due to the fact that these mice are genetically modified,
there can be substantial variability in the tumor genotype-
phenotype penetrance and latency of tumor development
[89]. Also, tumor monitoring and therapeutic response in
GEMMs are, in large part, assessed by non-invasive imaging
[89]. Consideration also needs to be paid to the consistency of
immune targeting between the GEMM murine tumor model
and the corresponding human tumor targets, which could af-
fect clinical translation particularly for the development of
immunotherapeutic vaccines [89]. However, there is a grow-
ing body of literature using GEMMs to study immune-tumor
interactions ranging from T cell function, immunogenicity of
tumors, and B cell contributions to tumor development and
treatment response [70, 120].

Single-cell analysis is also being used along with GEMMSs
to study immune-tumor interactions. Single-cell analysis has
been used to explore the relationship between immune cell
infiltration and tumor progression in prostate adenocarcinoma
GEMMs deficient for Pten and Smad4 [121]. Loss of PTEN
has been shown, in certain cancer models, to be associated
with an immunosuppressive tumor microenvironment [89].
In their study, Wang et al. identified MDSCs as the major
infiltrating immune cell in tumors from these mice, whose
recruitment to tumors is driven by tumor production of the
chemokine CXCLS. Single-cell analysis was performed on
cells isolated from Pten® —/—Smad4?°—/— mouse blood,
lymph, spleen, and primary tumors. The single cells were then
immunophenotyped and a tree of cell types isolated from the
aforementioned sources was established revealing a striking
increase in MDSCs. They went on to identify the underlying
signaling pathways mediated by Hippo-Yapl in the altered
expression of CXCLS5 in these tumors. Inhibition of the
CXCLS receptor on MDSC or inhibition of YAPI led to re-
duced migration of MDSCs to the site of the tumor [121].
Along these lines, there are a number of other recently pub-
lished studies that have used single-cell techniques in tandem
with GEMMS in detailing immune-tumor interactions in
breast cancer and lung cancer [102, 122].

4.2.4 Drug discovery and drug screening

GEMMSs may serve as a useful platform for drug discovery,
assessment of drug efficacy, and as a tool to assess multi-
organ system adverse effects [55, 70]. GEMMs can also be
used to assess how existing and emerging drugs can alter the
mutational profile of tumors and lead to treatment resistance
[55, 70]. For example, Mitrofanova et al. conducted a study
using GEMMs to correlate expression levels of prostate can-
cer driver mutations such as FOXM1 and CENPF to those in
human prostate cancer databases to predict drug response by
targeting these specific mutational drivers [123]. They dem-
onstrated that treatment-responsive genes modelled utilizing
GEMMs can be used to identify patients that are likely to
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benefit from treatment with drugs that co-target specific path-
ways such as the MAP-kinase or mTOR signaling pathways
[123]. In addition to targeting a specific signaling pathway,
these models can also be used more widely to predict drug
response to a number of different inhibitors from various clas-
ses. Chesi et al. performed a study in which they used
VK*MYC multiple myeloma transgenic mice to predict re-
sponses to six different classes of inhibitors, and demonstrated
that drug response was indicative of clinical activity, with a
positive predictive value of 67% in associated clinical trials
[124]. The study also reported a negative predictive value of
86% for clinical inactivity, indicating that this model may also
have translational value for prediction of both drug response
and resistance [124].

To overcome some of the limitations of GEMMs, validate
mutational changes and results of drug screens, GEMM
models can be used in tandem with other mouse model sys-
tems such as PDX (discussed below). For example, Liu et al.
recently described the development of a triple negative breast
cancer (TNBC) GEMM [125]. They generated two cohorts of
mice: a Brcal-deficient line (K14°™, Trp53ﬂOX/ﬂ°X, Bracl ¥
flox) ‘and a Brea-proficient wild-type line (K14, Trp53/°¥
flox Brac1f*'™) [125]. WES and RNAseq together with copy
number alteration analysis of the TNBC tumors revealed sev-
eral focal amplifications on chromosomes 6 and 9 involving
the Met and Yap1 loci which corresponded to elevated mRNA
levels for both [125]. They also found that several of the
tumors expressed Fgfi-2 and Raf1 fusion genes, both apparent-
ly products of chromosomal translocations. These genetic
changes favored oncogenesis via corresponding changes in
signal transduction pathways such as MAPK and PI3K, thus
revealing therapeutic opportunities [125]. To test the response
of these tumors to therapeutic agents, they transplanted the
TNBC tumors into nude mice and assessed their response to
several targeted drugs. In the case of tumors which spontane-
ously acquired the Fgfi2 or Rafl fusion proteins, they tested
an FGFR inhibitor NVP-BGJ398, the MEK inhibitor
trametinib, or the MET inhibitor crizotinib [125]. They dem-
onstrated that tumors with acquired Figfi2 fusion proteins were
initially responsive to single-agent FGFR inhibition with
NVP-BGJ398 but developed resistance in three of six models
with an average return to initial tumor volume of 43 days.
They further went on to show that the combination of NVP-
BGJ398 with Olaparib (a PARP inhibitor) resulted in com-
plete responses with no relapse in all six of the models [125].
This study exemplifies how multiple models (cell culture,
GEMM, and orthotopic nude mice) can be used in tandem
to explore specific facets of tumor biology and response to
treatment.

Beyond utilization as a simple screening platform for phar-
macologic response, GEMMs have shown value for model-
ling drug pharmacokinetic and pharmacodynamic properties,
and in some cancer sub-types may be superior to other in vivo
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models. Combest et al. assessed the pharmacokinetic proper-
ties of carboplatin in mouse melanoma models and compared
results between PDX mice and GEMMs with those observed
in the clinical setting [126]. Their findings demonstrate that
although the carboplatin plasma PKs of each model were sim-
ilar, the carboplatin concentration in tumors of the GEMMs
more closely resembled those of melanoma patients as com-
pared with the xenograft (A375) model to a significant degree,
with a murine-to-human tumor extracellular fluid (ECF) drug
concentration ratio of 0.13 and 0.86 for the xenograft or trans-
genic model, respectively. [126]. This example highlights the
need for more studies than model pharmacokinetic drug prop-
erties in mouse tumor models.

4.3 Patient-derived xenograft mouse models

Patient-derived xenograft models were first created and pub-
lished in 1969, when Rygaard and Polvsen first minced, and
then injected a colonic adenocarcinoma sample from a 74-
year-old patient into athymic nude mice [127]. This model,
established for the first time more than five decades ago, has
several distinct features when compared with cell line—derived
xenografts and syngeneic or transgenic mouse models.
Established as a useful tool for translational research, PDX
models have the advantage of maintaining the cellular and
histopathologic structure of the original tumor thus recapitu-
lating the heterogeneity observed in patients [56, 78, 128,
129]. This characteristic makes them a better tool compared
with cells lines for studying drug efficacy and development: in
fact, substantial limitations have been observed with conven-
tional cell line—derived xenograft models for drug screening
and evaluation of pre-clinical efficacy of drugs due to the loss
of hallmarks, such as genetic and epigenetic alterations,
resulting in minimal resemblance to the parental tumors
[128, 130].

PDX mice are created via subcutaneous or orthotopic im-
plantation into an immunodeficient mouse, and in contrast to
cell line—derived xenografts, they are not propagated on plas-
tic. There is wide variation in engraftment rates and time-to-
engraftment among different cancers that may be impacted by
the method used to implant the tumor (i.e., subcutaneous,
orthotopic, or kidney capsule) and mouse strains [78, 128,
131, 132].

PDX are commonly used worldwide in pre-clinical trials
for the development of anti-cancer drugs to support and vali-
date the translation into clinical trials. In fact, many global
PDX repositories have been generated and are currently avail-
able for pre-clinical research (https://www.europdx.eu/;
https://www.pdxfinder.org/; https://www.crownbio.com/;
https://championsoncology.com/; https://www.jax.org/;
http://www.pdx.dnalink.com/index) [133].

The most recent application of these fine pre-clinical
models have been “co-clinical trials”, where PDX, also known


https://www.europdx.eu/
https://www.pdxfinder.org/
https://www.crownbio.com/
https://championsoncology.com/
https://www.jax.org/
http://www.pdx.dnalink.com/index

Cancer Metastasis Rev (2021) 40:7-30

21

as “avatar” or “mirror” models, are generated using specimens
derived from patients participating in the clinical trials and
pre-clinical studies which are run in parallel, in real time, to
the human trials. This approach has been effectively used in
the past few years as a model for personalized medicine be-
cause they are able to longitudinally predict, with high accu-
racy, drug response, or resistance before these events can be
observed in the donor patient [134—140].

4.3.1 Challenges and limitations of PDX models

The PDX mouse model is frequently cited as being highly
representative of human tumors in terms of heterogeneity,
clonal evolution, and response to treatment [81, 131,
141-145]. Recently, groups with wide expertise in the model
have sought to assess the validity of PDX models in recapit-
ulating different types of cancers and have highlighted many
of the limitations and challenges of PDX models [128, 131,
146]. All groups working with PDX models argue that more
studies should incorporate standardized validation tools to im-
prove the reproducibility and to increase success rates of trans-
lational studies [72, 78, 79, 131, 132, 146].

Among some of the main challenges is the gradual replace-
ment of human stroma with mouse stroma. In fact, after few
passages, tumor-associated stroma gets replaced with murine-
derived ECM (extracellular matrix) and fibroblasts, causing
changes in the paracrine regulation of the tumor that might
interfere with drug distribution and effectiveness [147].

Another challenge is the route of implantation. There are
open questions surrounding the most favorable route of ad-
ministration indicating the need for validation studies to ad-
dress the optimal implantation site. Although orthotopic
models seem to better mimic metastatic cancer models, sub-
cutaneous administration is more commonly used because it is
easier to assess drug efficacy [138].

The time course of engraftment is also a formidable chal-
lenge and is a limiting factor in the use of PDX models for co-
clinical trials. Some models take 4-8 months to establish and
this is more than what patients can wait to start treatment. In
order to overcome this issue, some groups are switching to the
use of organoids models to evaluate potential treatment sensi-
tivity [24, 25].

Lastly, in order to establish standard PDX models, a key
requirement is that the mice cannot have an intact immune
system. This has impeded the use of PDX mice in studies
assessing immune checkpoint—blocking agents [148, 149].
This is also driven, in part, by gradual replacement of
engrafted stromal cells (and immune cells found in the tumor)
with mouse cells leading to a more murine-like tumor micro-
environment [131]. For these reasons, the development of
humanized PDX models where the immune system is
reconstituted in the PDX-implanted mouse represents a poten-
tial advancement for researchers [149, 150].

Nevertheless, despite these challenges, PDX models are
considered among the most robust and clinically relevant
models for drug screening and drug discovery. In fact, since
2016, the National Cancer Institute (NCI) has stopped using
the NCI-60 panel (containing 60 human cancer cell lines) and
switched to PDX models for anti-cancer drug screening [56,
78,79, 82, 128, 133, 137, 138, 141, 151].

4.3.2 Metastasis

As previously mentioned, PDX models present limitations for
studying metastasis, particularly if subcutaneous transplanta-
tion is used [55, 66, 131, 152]. The combination of the ab-
sence of an intact immune system and mouse stromal environ-
ment can influence disease progression and metastasis [66,
153]. Recently, Sprouffske et al. assessed this issue and used
a bioinformatics approach to investigate the genetic heteroge-
neity during breast cancer metastasis [152]. Using WGS, they
discovered that the mouse stromal environment can confound
interpretation of intra-tumor heterogeneity and that the meth-
od of developing the PDX metastasis models can influence
genetic changes in occurring during metastasis [152]. For ex-
ample, tail vein injection of breast cancer PDX metastasis
models exhibits a loss of heterozygosity compared to PDX
mice with orthotopically transplanted breast cancer tumors
that develop metastasis [152]. Thus, although a liver
metastasis—derived PDX will better recapitulate human tu-
mors, both cell line—derived and PDX in vivo subcutaneous
models are limited in their ability to simulate metastasis, and
more studies are required to address this unmet need.

4.3.3 Immune-tumor interactions

As noted several times, in addition to limitations in modeling
metastasis, PDX models are immunocompromised as they are
propagated in mice that lack a fully adaptive immune system.
Thus, the influence of immune cells on tumor growth and
response to treatment is poorly assessable in this model.
However, there are several groups currently working to create
mouse models with partial immune systems, primarily human
T cells, to evaluate therapeutics used in the clinic, each which
comes with challenges that will be discussed [149].

Several strains of mice can be used to generate PDX
models. Traditional PDX models use athymic nude mice or
severe combined immunodeficiency (SCID) mice [89].
Athymic nude mice lack T cells but still retain B cells as well
as many elements of their innate immune response including
NK cells and neutrophils [89]. Athymic mice are suitable
hosts for human cancer cell lines, but NSG are more suitable
for hosting human primary tumors [89, 154]. SCID mice, on
the other hand, have genetically impaired VDJ recombination
leading to disruption in T and B cell development with com-
mensurate deficiency in these critical adaptive immune system
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cells and therefore cannot be used to evaluate anti-PD1 or anti-
CTLA4 immunotherapy agents [89, 90]. In response to this,
several groups are developing humanized PDX models
reconstituted with human immune systems using novel ap-
proaches. These include reconstituting immunodeficient mice
with mature immune cells (i.e., PBMCs or tumor-infiltrating
lymphocytes) prior to transplanting patient tumor tissue con-
taining human stromal cells along with any tumor-infiltrating
human immune cells, while other groups have begun devel-
oping “humanized mice” reconstituted with human CD34*
hematopoietic stems cells (HSCs) following sub-lethal irradi-
ation in immunodeficient mice, thereby repopulating them
with a largely human immune system that includes B and T
lymphocytes as well as myeloid cells [55, 149, 150, 155-159].

The benefit of the PMBC method is the ability to transplant
patient-matched immune cells from the blood into mice prior
to tumor challenge thereby limiting antitumor immune effects
derived from allogeneic responses due to HLA mismatching
[131]. Furthermore, it was recently demonstrated that tumor-
specific T cells can be found in the circulation of cancer pa-
tients and may be important for responses to PD1 blockade
[160]. Previous studies have demonstrated improved overall
engraftment that results in high chimerism of human lympho-
cytes using mice with deficiencies in both their adaptive and
innate immune systems as recipients [161].

Yet, there are drawbacks. First, not all immune cells engraft
equally as many murine-derived cytokines do not cross-react
with human receptors. This is particularly true for myeloid
cells and is currently being addressed by various methods that
include exogenous injection of growth factors and expression
of human FLT3L [162]. Furthermore, the cells that do engraft
undergo important phenotypic changes following repopula-
tion of lymphogenic hosts that also further skew immune
composition and activation. Most importantly, this xenograft
system is limited by the narrow window of time for therapeu-
tic studies as mice invariably succumb as a result of elicitation
of profound xenograft-versus-host disease (xeno-GVHD)
[131]. Ongoing studies are currently working to overcome this
by using MHC-null NOG mice as recipients that have suc-
cessfully been used for immunotherapy studies [163].

Another approach to overcoming severe xenograft versus
host responses is transferring human CD34" HSCs into irra-
diated, immunodeficient mice. As opposed to models with
PBMCs containing mature T cells, the lymphocytes in the
HSC transplant model develop in the murine host and there-
fore do not attack the host as a result of negative selection of
thymocytes against murine MHC-peptide complexes [164]. In
this system, human-derived thymocytes develop in the hosts’
thymus that are dominated by murine MHC-peptide com-
plexes on thymic epithelial cells (TECs), which are important
for both positive and negative selection [165]. Although hu-
man MHC-peptide complexes derived from donor immune
cells are also present in the thymus, it is currently unknown
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what fraction of mature T cells are restricted to human versus
mouse MHC peptides. Thus, counterintuitively, this model
may initiate xenograft responses against human tumors upon
challenge due to the absence of human MHC and peptides
during negative selection. One way groups are attempting to
overcome this issue is by introducing HLA genes in MHC-
null mice that result in HLA-restricted T cells, albeit primarily
HLA presenting murine rather than human peptides [166,
167]. Currently, this approach is limited to a specific HLA
gene and cannot match the complete HLA haplotype of the
patients’ tumor. Lastly, other groups have also demonstrated
that implanting human thymuses in HSC-reconstituted mice
helps select for HLA-restricted T cells and ensure proper neg-
ative selection against human peptides [168]. In summary,
there are well-designed experiments ongoing to develop and
refine PDX models for use in testing immunotherapy, but it is
unlikely that any of them will be feasible for large scale use or
high throughput screening.

Greater emphasis has recently been devoted to the estab-
lishment of humanized PDX models in order to investigate the
tumor and immune compartment effects of treatment as well
as the interplay between these two systems. Indeed, PDX
models show convincing evidence for their ability to model
drug response in multiple human cancer types including breast
cancer, ovarian cancer, SCLC, adrenal, and CRC [56, 149,
150, 169]. There are a number of humanized mouse models
with human-derived xenograft tumors as well as human im-
mune systems that are currently in development and in use for
drug screening and modeling of various oncologic diseases
[170]. These models include bladder cancer humanized mouse
models using NSG mice injected with CD34" hematopoietic
cells, breast cancer models created with NSG mice
intrahepatically engrafted with breast carcinoma cell lines
and engrafted with functional human immune systems, and
CRC models via Rag2 " y¢™/~ mice injected with human
PBMC’s and subcutaneously engrafted on the flank with
CRC cell line HT-29 [171, 172]. These systems are promising
models of immune system and tumor interactions, as with the
humanized breast cancer model created by Wege et al., where
human immune cells are able to traffic and infiltrate the mi-
croenvironment and enable human tumor-immune system in-
teractions to be studied [171]. In summary, humanized onco-
logical models may address vital questions on tumor-immune
system interactions, mechanisms of tumor escape, and thera-
peutic potential of immune modulation, and may be of signif-
icant importance in predicting response to immunotherapy
such as checkpoint inhibition in the future [171, 173].

4.3.4 Drug discovery and drug screening
To date, perhaps the most significant role for PDX in transla-

tional cancer research is in assessing drug response and trans-
lating in vivo drug screening data to the clinic [78, 128, 131].
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A recent systematic review of retrospective studies correlated
patient response in multiple oncologic indications with PDX
response in vivo for cancer types including breast, ovarian,
and small-cell lung cancer [169]. In support of the predictive
capabilities of PDX models, they note a study that used a
panel of seven human breast cancer patient-derived orthotopic
xenografts (PDOXs) to predict patients’ responses to the che-
motherapeutics docetaxel and 5-FU given in combination
therapy with the monoclonal antibody trastuzumab, revealing
an overall concordance in five of seven patients and corre-
sponding PDOX models [169]. In the case of ovarian cancer,
another study found that 19 of 21 PDXs exhibited congruent
results of sensitivity or resistance with patients in retrospective
studies with cisplatin treatment [169]. Lastly, in SCLC, strong
correlations between the response rate to chemotherapy with
cisplatin and etoposide combination treatment between SCLC
patients and PDXs were demonstrated in seven of nine patient
PDOX pairs [169]. While this systematic review highlights
the potential role of PDX models in predicting tumor drug
responses in certain cancer types such as breast cancer, ovar-
ian cancer, and SCLC, primary research utilizing larger co-
horts in other cancer types has additionally yielded interesting
results. For example, Bertotti et al. produced a large cohort of
patient-derived xenografts from 85 patients with metastatic
colorectal cancer and characterized response to cetuximab
(an anti-EGFR antibody) in correlation to patients in clinic
[56]. In this panel of CRC patients and corresponding
PDXs, all 85 were concordant regarding treatment response
or resistance to cetuximab treatment. For treatment with
cetuximab, the response rate (11%), disease stabilization
(30%), or progression (59%) was in line with the data reported
in the prospective analysis of the patients. Importantly, meta-
static CRC xenografts retained the morphologic characteris-
tics of the corresponding patient’s tumor, and serial mouse
passaging did not substantially alter the genetic makeup of
tumors as it related to copy number changes and hotspot on-
cogenic mutations. This indicates that in addition to being of
benefit for prediction of drug response in CRC, PDX mouse
models also retain key features of human tumors despite pas-
saging and mouse stromal invasion [56]. However, the valid-
ity of PDX models as predictive tools in translational research
has been questioned suggesting more validation tools are
needed as part of PDX studies [146].

In modelling of drug pharmacokinetic and dynamic prop-
erties, PDX models have demonstrated promise in some sys-
tems while exhibiting limitations in others. Wong et al. carried
out a retrospective PK/PD analysis of clinical response data
from 8 well-characterized cytotoxic agents including 5-FU
and docetaxel in comparison with response and PK/PD pa-
rameters in corresponding xenograft models with these same
agents [174]. It was observed that regimens of docetaxel that
were varied by dose and cycle duration in metastatic breast
cancer models, such as the Cal51x1.1s PDX exhibited similar

parameters of tumor growth inhibition and overall response to
those documented in the clinical setting. Likewise, modelling
of PK/PD parameters for treatment of CRC with 5-FU dem-
onstrated that continuous infusion exhibited superior perfor-
mance in comparison with a 5-day regimen in the Colo205
PDX model and was representative of clinical response in
both cases [174]. Meanwhile, previous studies by Combest
et al. concluded that genetically engineered transgenic mouse
models may more closely recapitulate drug pharmacokinetic
properties in comparison with PDX models in the setting of
melanoma [126]. The limited pharmacokinetic data that exists
for direct comparison of PDX and GEMM systems demon-
strate that GEMM models may be superior in accurately
modelling drug PK parameters in some cancer types [126].

5 Conclusion

Each of the tools discussed here plays important roles in
unraveling tumorigenesis, identifying drug targets, and ascer-
taining drug efficacy (Fig. 1). Two-dimensional cell culture still
has a prominent role in cancer research and a long history of
generating valuable results on underlying genetic changes in
cancer that has led to the discovery of drug targets and thera-
peutic agents. Indeed, cell culture is a simple and cheap means
to screen compounds and candidate drugs prior to more elabo-
rate and predictive in vivo models. However, on its own, cell
culture is subject to such profound shifts in gene expression with
prolonged culture that its translational value is limited. The prin-
ciple uses of cell culture are for preliminary drug screening/drug
discovery (Fig. 1). Although there has been work on cancer
immunology using cell culture, there are better systems avail-
able as noted. Likewise, cell culture is not ideally suited for the
study of metastasis, and while there are migration, invasion, and
metastasis assays, they lack the robustness of mouse models.

Organoids are a more elaborate form of cell culture that can
be used to study tumor heterogeneity (Fig. 1). Organoids also
appear to be effective and predictive platforms for drug
screening and discovery, more so than cell culture but less
than some mouse models (Fig. 1). Similar to cell culture,
organoids are not well suited for studying cancer immune
function or metastasis.

Comparison of in vivo mouse model systems including
xenograft, syngeneic, GEMMs, and PDX models reveals that
there are unique benefits and limitations to each (Fig. 1). Of
these, cell line—derived xenograft mouse models appear to be
the least valuable for studying tumor heterogeneity, tumor
evolution, and immune-tumor interactions, but have demon-
strated some success in studying metastasis and drug action
(Fig. 1). While syngeneic models offer a competent immune
system, as discussed, particular care needs to be taken when
choosing the murine tumor cell line used. Significant differ-
ences in genetic composition and immunologic profile have
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been demonstrated in this model within the same cancer type,
and drug response results have been shown to differ between
syngeneic models and human subjects for multiple indications
[63, 65, 71]. Further concern regarding this model system is
the lack of similar stromal and immune compartments in the
tumor microenvironment following injection of tumor cells
[89]. Although not without limitations, GEMMs appear to
be a reasonable option for studying tumor heterogeneity, tu-
mor evolution, metastasis, and to a lesser degree, immune-
tumor interactions (with a mouse immune system). Although
GEMMs also have predictive value in modelling drug re-
sponse and PK parameters, they are still mouse tumors [123,
126]. PDX mouse models remain the strongest in vivo model
for predicting drug response in patients [128] (Fig, 1).
However, limited data for direct comparison of PDX and
GEMM systems regarding PK modelling has demonstrated
PDX tumors may be inferior in accurately recapitulating drug
PK parameters in some cancer types [126, 175], and further
studies are needed. As noted, the lack of an immune system
hampers the use of PDX mice in studying immune-tumor
interactions or the effects of immunotherapy agents.
However, the advent of humanized PDX mice has helped to
fill this gap (Fig. 1).

Ultimately though, it is through the use of combinations of
models that the ideal system may come closest to realization.
Combining translational models is now frequently employed
to leverage the advantages each system has to offer. The work
described earlier by Lu et al., for example, typifies this trans-
lational combinatorial approach. Here, they describe how both
syngeneic mouse models, which spontaneously develop tu-
mors that aggressively metastasize to the lungs, were used in
tandem with NSG mice transplanted with these tumors for
drug screening [116]. Furthermore, coupling in vivo models
with single-cell analysis technology and computational assays
also stands to extend the resolution of data gleamed from any
one technique.

Finally, there are a number of promising approaches being
developed that extend beyond the scope of the current review
and into clinical cancer diagnosis, but merit consideration given
their potential use in pre-clinical cancer research. Advancements
in imaging and spectroscopy have led to refinement of technol-
ogy such as Raman spectroscopy and mass spectrometry for use
in cancer detection and diagnosis [176, 177]. Thus, it is con-
ceivable that these technologies could be used in tandem with
mouse models, such as PDX mice, to detect metastatic tumor
formation and circulating tumor cells thereby extending the role
of these models in cancer drug development.

Authors’ contributions Michael W. Lee, Mihailo Miljanic, and Anna
Capasso: conceptualization, writing-original draft preparation, writing-
editing and reviewing. Todd Triplett: writing-original draft preparation,
writing-editing and reviewing. Craig Ramirez: writing-editing and re-
view. Kyaw L. Aung: writing-editing and review. S Gail Eckhardt:
writing-editing and Reviewing

@ Springer

Funding This work was financially supported by CPRIT grant
RR160093 (S.G.E “CPRIT SCHOLAR IN CANCER RESEARCH)
and the DoD grant #12935262 (awarded to Anna Capasso). The funding
bodies had no role in the design of the study and collection, analysis, and
interpretation of data or in writing the manuscript.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflicts of
interest.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as long as
you give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes were
made. The images or other third party material in this article are included
in the article's Creative Commons licence, unless indicated otherwise in a
credit line to the material. If material is not included in the article's
Creative Commons licence and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Consortium, I. T. P.-C. A. 0. W. G. (2020). Pan-cancer analysis of
whole genomes. Nature, 578(7793), 82-93. https://doi.org/10.
1038/s41586-020-1969-6.

2. Gerstung, M., Jolly, C., Leshchiner, I., Dentro, S. C., Gonzalez, S.,
Rosebrock, D., et al. (2020). The evolutionary history of 2,658
cancers. Nature, 578(7793), 122—128. https://doi.org/10.1038/
s41586-019-1907-7.

3. Gerlinger, M., Rowan, A. J., Horswell, S., Math, M., Larkin, J.,
Endesfelder, D., et al. (2012). Intratumor heterogeneity and
branched evolution revealed by multiregion sequencing. The
New England Journal of Medicine, 366(10), 883-892. https://
doi.org/10.1056/NEJMoal 113205.

4. Janiszewska, M., Tabassum, D. P., Castano, Z., Cristea, S.,
Yamamoto, K. N., Kingston, N. L., et al. (2019). Subclonal coop-
eration drives metastasis by modulating local and systemic im-
mune microenvironments. Nature Cell Biology, 21(7), 879-888.
https://doi.org/10.1038/s41556-019-0346-x.

5. Maley, C. C., Aktipis, A., Graham, T. A., Sottoriva, A., Boddy, A.
M., Janiszewska, M., et al. (2017). Classifying the evolutionary
and ecological features of neoplasms. Nature Reviews. Cancer,
17(10), 605-619. https://doi.org/10.1038/nrc.2017.69.

6. Hinohara, K., & Polyak, K. (2019). Intratumoral heterogeneity:
more than just mutations. Trends in Cell Biology, 29(7), 569-579.
https://doi.org/10.1016/j.tcb.2019.03.003.

7. Gerlinger, M., & Swanton, C. (2010). How Darwinian models
inform therapeutic failure initiated by clonal heterogeneity in can-
cer medicine. British Journal of Cancer, 103(8), 1139-1143.
https://doi.org/10.1038/sj.bjc.6605912.

8. McGranahan, N., & Swanton, C. (2017). Clonal heterogeneity and
tumor evolution: past, present, and the future. Cell, 168(4), 613—
628. https://doi.org/10.1016/j.cell.2017.01.018.

9. Tammela, T., & Sage, J. (2020). Investigating tumor heterogeneity
in mouse models. Annual Review of Cancer Biology, 4(1), 99—
119. https://doi.org/10.1146/annurev-cancerbio-030419-033413.

10.  Neve, R. M., Chin, K., Fridlyand, J., Yeh, J., Bachner, F. L., Fevr,
T., et al. (2006). A collection of breast cancer cell lines for the


https://doi.org/
https://doi.org/10.1038/s41586-020-1969-6
https://doi.org/10.1038/s41586-020-1969-6
https://doi.org/10.1038/s41586-019-1907-7
https://doi.org/10.1038/s41586-019-1907-7
https://doi.org/10.1056/NEJMoa1113205
https://doi.org/10.1056/NEJMoa1113205
https://doi.org/10.1038/s41556-019-0346-x
https://doi.org/10.1038/nrc.2017.69
https://doi.org/10.1016/j.tcb.2019.03.003
https://doi.org/10.1038/sj.bjc.6605912
https://doi.org/10.1016/j.cell.2017.01.018
https://doi.org/10.1146/annurev-cancerbio-030419-033413

Cancer Metastasis Rev (2021) 40:7-30

25

11.

12.

13.

14.

15.

16.

18.

19.

20.

21.

22.

23.

24.

25.

26.

study of functionally distinct cancer subtypes. Cancer Cell, 10(6),
515-527. https://doi.org/10.1016/j.ccr.2006.10.008.

Barretina, J., Caponigro, G., Stransky, N., Venkatesan, K.,
Margolin, A. A., Kim, S., et al. (2012). The Cancer Cell Line
Encyclopedia enables predictive modelling of anticancer drug
sensitivity. Nature, 483(7391), 603—607. https://doi.org/10.1038/
nature11003.

Gillet, J. P., Varma, S., & Gottesman, M. M. (2013). The clinical
relevance of cancer cell lines. Journal of the National Cancer
Institute, 105(7), 452-458. https://doi.org/10.1093/jnci/djt007.
Gillet, J. P., Calcagno, A. M., Varma, S., Marino, M., Green, L. J.,
Vora, M. L, et al. (2011). Redefining the relevance of established
cancer cell lines to the study of mechanisms of clinical anti-cancer
drug resistance. Proceedings of the National Academy of Sciences
of the United States of America, 108(46), 18708—18713. https://
doi.org/10.1073/pnas.1111840108.

Langhans, S. A. (2018). Three-Dimensional in vitro cell culture
models in drug discovery and drug repositioning. Frontiers in
Pharmacology, 9, 6. https://doi.org/10.3389/fphar.2018.00006.
Egeblad, M., Nakasone, E. S., & Werb, Z. (2010). Tumors as
organs: complex tissues that interface with the entire organism.
Developmental Cell, 18(6), 884-901. https://doi.org/10.1016/j.
devcel.2010.05.012.

Prieto-Vila, M., Takahashi, R. U., Usuba, W., Kohama, I., &
Ochiya, T. (2017). Drug resistance driven by cancer stem cells
and their niche. International Journal of Molecular Sciences,
18(12). https://doi.org/10.3390/ijms18122574.

Allinen, M., Beroukhim, R., Cai, L., Brennan, C., Lahti-
Domenici, J., Huang, H., et al. (2004). Molecular characterization
of the tumor microenvironment in breast cancer. Cancer Cell,
6(1), 17-32. https://doi.org/10.1016/j.ccr.2004.06.010.
Valkenburg, K. C., de Groot, A. E., & Pienta, K. J. (2018).
Targeting the tumour stroma to improve cancer therapy. Nature
Reviews. Clinical Oncology, 15(6), 366-381. https://doi.org/10.
1038/541571-018-0007-1.

Hirata, E., & Sahai, E. (2017). Tumor microenvironment and dif-
ferential responses to therapy. Cold Spring Harbor Perspectives in
Medicine, 7(7). https://doi.org/10.1101/cshperspect.a026781.
Puls, T. J., Tan, X., Husain, M., Whittington, C. F., Fishel, M. L.,
& Voytik-Harbin, S. L. (2018). Development of a novel 3D
tumor-tissue invasion model for high-throughput, high-content
phenotypic drug screening. Scientific Reports, 8(1), 13039.
https://doi.org/10.1038/s41598-018-31138-6.
Rodriguez-Antona, C., & Ingelman-Sundberg, M. (2000).
Cytochrome P450 pharmacogenetics and cancer. Oncogene,
25(11), 1679-1691. https://doi.org/10.1038/sj.onc.1209377.
Drost, J., & Clevers, H. (2018). Organoids in cancer research.
Nature Reviews. Cancer, 18(7), 407-418. https://doi.org/10.
1038/541568-018-0007-6.

Haagensen, E. J., Thomas, H. D., Mudd, C., Tsonou, E., Wiggins,
C. M., Maxwell, R. J., et al. (2016). Pre-clinical use of isogenic
cell lines and tumours in vitro and in vivo for predictive biomarker
discovery; impact of KRAS and PI3KCA mutation status on MEK
inhibitor activity is model dependent. European Journal of
Cancer, 56, 69-76. https://doi.org/10.1016/j.ejca.2015.12.012.
Clevers, H. (2016). Modeling Development and Disease with
Organoids. Cell, 165(7), 1586—1597. https://doi.org/10.1016/;.
cell.2016.05.082.

Li, M., & Izpisua Belmonte, J. C. (2019). Organoids - preclinical
models of human disease. The New England Journal of Medicine,
380(6), 569-579. https://doi.org/10.1056/NEJMral806175.
Ebrahimi, A., Keske, E., Mehdipour, A., Ebrahimi-Kalan, A., &
Ghorbani, M. (2019). Somatic cell reprogramming as a tool for
neurodegenerative diseases. Biomedicine & Pharmacotherapy,
112, 108663. https://doi.org/10.1016/j.biopha.2019.108663.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Clevers, H. C. (2019). Organoids: avatars for personalized medi-
cine. The Keio Journal of Medicine, 68(4), 95. https://doi.org/10.
2302/kjm.68-006-ABST.

Takahashi, T. (2019). Organoids for drug discovery and person-
alized medicine. Annual Review of Pharmacology and
Toxicology, 59, 447-462. https://doi.org/10.1146/annurev-
pharmtox-010818-021108.

Sato, T., Stange, D. E., Ferrante, M., Vries, R. G., Van Es, J. H,,
Van den Brink, S., etal. (2011). Long-term expansion of epithelial
organoids from human colon, adenoma, adenocarcinoma, and
Barrett’s epithelium. Gastroenterology, 141(5), 1762—1772.
https://doi.org/10.1053/j.gastro.2011.07.050.

Granat, L. M., Kambhampati, O., Klosek, S., Niedzwecki, B.,
Parsa, K., & Zhang, D. (2019). The promises and challenges of
patient-derived tumor organoids in drug development and preci-
sion oncology. Animal Models and Experimental Medicine, 2(3),
150—-161. https://doi.org/10.1002/ame2.12077.

Nagle, P. W., Plukker, J. T. M., Muijs, C. T., van Luijk, P., &
Coppes, R. P. (2018). Patient-derived tumor organoids for predic-
tion of cancer treatment response. Seminars in Cancer Biology,
53, 258-264. https://doi.org/10.1016/j.semcancer.2018.06.005.
Takeda, H., Wei, Z., Koso, H., Rust, A. G., Yew, C. C., Mann, M.
B., et al. (2015). Transposon mutagenesis identifies genes and
evolutionary forces driving gastrointestinal tract tumor progres-
sion. Nature Genetics, 47(2), 142—150. https://doi.org/10.1038/
ng.3175.

Takeda, H., Kataoka, S., Nakayama, M., Ali, M. A. E., Oshima,
H., Yamamoto, D., et al. (2019). CRISPR-Cas9-mediated gene
knockout in intestinal tumor organoids provides functional valida-
tion for colorectal cancer driver genes. Proceedings of the
National Academy of Sciences of the United States of America,
116(31), 15635-15644. https://doi.org/10.1073/pnas.
1904714116.

Roerink, S. F., Sasaki, N., Lee-Six, H., Young, M. D,
Alexandrov, L. B., Behjati, S., et al. (2018). Intra-tumour diver-
sification in colorectal cancer at the single-cell level. Nature,
556(7702), 457-462. https://doi.org/10.1038/s41586-018-0024-
3.

Tiriac, H., Belleau, P., Engle, D. D., Plenker, D., Deschenes, A.,
Somerville, T. D. D., et al. (2018). Organoid profiling identifies
common responders to chemotherapy in pancreatic cancer.
Cancer Discovery, 8(9), 1112—1129. https://doi.org/10.1158/
2159-8290.CD-18-0349.

Tiriac, H., Bucobo, J. C., Tzimas, D., Grewel, S., Lacomb, J. F.,
Rowehl, L. M., et al. (2018). Successful creation of pancreatic
cancer organoids by means of EUS-guided fine-needle biopsy
sampling for personalized cancer treatment. Gastrointestinal
Endoscopy, 87(6), 1474—1480. https://doi.org/10.1016/j.gie.
2017.12.032.

Vlachogiannis, G., Hedayat, S., Vatsiou, A., Jamin, Y.,
Fernandez-Mateos, J., Khan, K., et al. (2018). Patient-derived
organoids model treatment response of metastatic gastrointestinal
cancers. Science, 359(6378), 920-926. https://doi.org/10.1126/
science.aao2774.

Driehuis, E., van Hoeck, A., Moore, K., Kolders, S., Francies, H.
E., Gulersonmez, M. C,, etal. (2019). Pancreatic cancer organoids
recapitulate disease and allow personalized drug screening.
Proceedings of the National Academy of Sciences of the United
States of America. https://doi.org/10.1073/pnas.1911273116.
Ooft, S. N., Weeber, F., Dijkstra, K. K., McLean, C. M., Kaing, S.,
van Werkhoven, E., et al. (2019). Patient-derived organoids can
predict response to chemotherapy in metastatic colorectal cancer
patients. Science Translational Medicine, 11(513). https://doi.org/
10.1126/scitranslmed.aay2574.

Boj, S. F., Hwang, C. L, Baker, L. A., Chio, L. L, Engle, D. D.,
Corbo, V., et al. (2015). Organoid models of human and mouse

@ Springer


https://doi.org/10.1016/j.ccr.2006.10.008
https://doi.org/10.1038/nature11003
https://doi.org/10.1038/nature11003
https://doi.org/10.1093/jnci/djt007
https://doi.org/10.1073/pnas.1111840108
https://doi.org/10.1073/pnas.1111840108
https://doi.org/10.3389/fphar.2018.00006
https://doi.org/10.1016/j.devcel.2010.05.012
https://doi.org/10.1016/j.devcel.2010.05.012
https://doi.org/10.3390/ijms18122574
https://doi.org/10.1016/j.ccr.2004.06.010
https://doi.org/10.1038/s41571-018-0007-1
https://doi.org/10.1038/s41571-018-0007-1
https://doi.org/10.1101/cshperspect.a026781
https://doi.org/10.1038/s41598-018-31138-6
https://doi.org/10.1038/sj.onc.1209377
https://doi.org/10.1038/s41568-018-0007-6
https://doi.org/10.1038/s41568-018-0007-6
https://doi.org/10.1016/j.ejca.2015.12.012
https://doi.org/10.1016/j.cell.2016.05.082
https://doi.org/10.1016/j.cell.2016.05.082
https://doi.org/10.1056/NEJMra1806175
https://doi.org/10.1016/j.biopha.2019.108663
https://doi.org/10.2302/kjm.68-006-ABST
https://doi.org/10.2302/kjm.68-006-ABST
https://doi.org/10.1146/annurev-pharmtox-010818-021108
https://doi.org/10.1146/annurev-pharmtox-010818-021108
https://doi.org/10.1053/j.gastro.2011.07.050
https://doi.org/10.1002/ame2.12077
https://doi.org/10.1016/j.semcancer.2018.06.005
https://doi.org/10.1038/ng.3175
https://doi.org/10.1038/ng.3175
https://doi.org/10.1073/pnas.1904714116
https://doi.org/10.1073/pnas.1904714116
https://doi.org/10.1038/s41586-018-0024-3
https://doi.org/10.1038/s41586-018-0024-3
https://doi.org/10.1158/2159-8290.CD-18-0349
https://doi.org/10.1158/2159-8290.CD-18-0349
https://doi.org/10.1016/j.gie.2017.12.032
https://doi.org/10.1016/j.gie.2017.12.032
https://doi.org/10.1126/science.aao2774
https://doi.org/10.1126/science.aao2774
https://doi.org/10.1073/pnas.1911273116
https://doi.org/10.1126/scitranslmed.aay2574
https://doi.org/10.1126/scitranslmed.aay2574

26

Cancer Metastasis Rev (2021) 40:7-30

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

ductal pancreatic cancer. Cell, 160(1-2), 324-338. https://doi.org/
10.1016/j.cell.2014.12.021.

Humbert, G., Dournon, E., Borsa-Lebas, F., & Lecomte, F.
(1985). Lyme disease: 2 new cases confirmed serologically.
Presse Médicale, 14(38), 1973.

Weeber, F., van de Wetering, M., Hoogstraat, M., Dijkstra, K. K.,
Krijgsman, O., Kuilman, T., et al. (2015). Preserved genetic di-
versity in organoids cultured from biopsies of human colorectal
cancer metastases. Proceedings of the National Academy of
Sciences of the United States of America, 112(43), 13308—
13311. https://doi.org/10.1073/pnas.1516689112.

Moffitt, R. A., Marayati, R., Flate, E. L., Volmar, K. E., Loeza, S.
G., Hoadley, K. A., etal. (2015). Virtual microdissection identifies
distinct tumor- and stroma-specific subtypes of pancreatic ductal
adenocarcinoma. Nature Genetics, 47(10), 1168—1178. https://
doi.org/10.1038/ng.3398.

Chan-Penebre, E., Kuplast, K. G., Majer, C. R., Boriack-Sjodin, P.
A., Wigle, T.J., Johnston, L. D., etal. (2015). A selective inhibitor
of PRMTS5 with in vivo and in vitro potency in MCL models.
Nature Chemical Biology, 11(6), 432-437. https://doi.org/10.
1038/nchembio.1810.

Grothey, A., Blay, J. Y., Pavlakis, N., Yoshino, T., & Bruix, J.
(2020). Evolving role of regorafenib for the treatment of advanced
cancers. Cancer Treatment Reviews, 86, 101993. https://doi.org/
10.1016/j.ctrv.2020.101993.

Phan, N., Hong, J. J., Tofig, B., Mapua, M., Elashoff, D.,
Moatamed, N. A., et al. (2019). A simple high-throughput ap-
proach identifies actionable drug sensitivities in patient-derived
tumor organoids. Communications Biology, 2, 78. https://doi.
org/10.1038/s42003-019-0305-x.

Park, S. E., Georgescu, A., & Huh, D. (2019). Organoids-on-a-
chip. Science, 364(6444), 960-965. https://doi.org/10.1126/
science.aaw7894.

Dijkstra, K. K., Cattaneo, C. M., Weeber, F., Chalabi, M., van de
Haar, J., Fanchi, L. F., et al. (2018). Generation of tumor-reactive
T cells by co-culture of peripheral blood lymphocytes and tumor
organoids. Cell, 174(6), 1586—1598 e1512. https://doi.org/10.
1016/j.cell.2018.07.009.

Skardal, A., Murphy, S. V., Devarasetty, M., Mead, 1., Kang, H.
W., Seol, Y. J., et al. (2017). Multi-tissue interactions in an inte-
grated three-tissue organ-on-a-chip platform. Scientific Reports,
7(1), 8837. https://doi.org/10.1038/s41598-017-08879-x.

Xiao, Z., Dai, Z., & Locasale, J. W. (2019). Metabolic landscape
of the tumor microenvironment at single cell resolution. Nature
Communications, 10(1), 3763. https://doi.org/10.1038/s41467-
019-11738-0.

Harrelson, J. P., & Lee, M. W. (2016). Expanding the view of
breast cancer metabolism: promising molecular targets and thera-
peutic opportunities. Pharmacology & Therapeutics, 167, 60-73.
https://doi.org/10.1016/j.pharmthera.2016.07.014.

Shirure, V. S., Bi, Y., Curtis, M. B., Lezia, A., Goedegebuure, M.
M., Goedegebuure, S. P., et al. (2018). Tumor-on-a-chip platform
to investigate progression and drug sensitivity in cell lines and
patient-derived organoids. Lab on a Chip, 18(23), 3687-3702.
https://doi.org/10.1039/c81c00596f.

Amirouchene-Angelozzi, N., Swanton, C., & Bardelli, A. (2017).
Tumor evolution as a therapeutic target. Cancer Discovery. https://
doi.org/10.1158/2159-8290.CD-17-0343.

Hanahan, D., & Weinberg, R. A. (2011). Hallmarks of cancer: the
next generation. Cell, 144(5), 646—674. https://doi.org/10.1016/].
cell.2011.02.013.

Ireson, C. R., Alavijeh, M. S., Palmer, A. M., Fowler, E. R., & Jones,
H. J. (2019). The role of mouse tumour models in the discovery and
development of anticancer drugs. British Journal of Cancer, 121(2),
101-108. https://doi.org/10.1038/s41416-019-0495-5.

@ Springer

56.

57.

8.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Bertotti, A., Migliardi, G., Galimi, F., Sassi, F., Torti, D., Isella,
C., et al. (2011). A molecularly annotated platform of patient-
derived xenografts (“xenopatients™) identifies HER2 as an effec-
tive therapeutic target in cetuximab-resistant colorectal cancer.
Cancer Discovery, 1(6), 508-523. https://doi.org/10.1158/2159-
8290.CD-11-0109.

de Ruiter, J. R., Wessels, L. F. A., & Jonkers, J. (2018). Mouse
models in the era of large human tumour sequencing studies. Open
Biology, 8(8). https://doi.org/10.1098/rsob.180080.

Day, C. P., Merlino, G., & Van Dyke, T. (2015). Preclinical
mouse cancer models: a maze of opportunities and challenges.
Cell, 163(1), 39-53. https://doi.org/10.1016/j.cell.2015.08.068.
Wilding, J. L., & Bodmer, W. F. (2014). Cancer cell lines for drug
discovery and development. Cancer Research, 74(9), 2377-2384.
https://doi.org/10.1158/0008-5472.CAN-13-2971.

Gould, S. E., Junttila, M. R., & de Sauvage, F. J. (2015).
Translational value of mouse models in oncology drug develop-
ment. Nature Medicine, 21(5), 431-439. https://doi.org/10.1038/
nm.3853.

DeVita Jr., V. T., & Chu, E. (2008). A history of cancer chemo-
therapy. Cancer Research, 68(21), 8643—-8653. https://doi.org/10.
1158/0008-5472.CAN-07-6611.

Darro, F., Decaestecker, C., Gaussin, J. F., Mortier, S., Van
Ginckel, R., & Kiss, R. (2005). Are syngeneic mouse tumor
models still valuable experimental models in the field of anti-
cancer drug discovery? International Journal of Oncology,
27(3), 607-616.

Voskoglou-Nomikos, T., Pater, J. L., & Seymour, L. (2003).
Clinical predictive value of the in vitro cell line, human xenograft,
and mouse allograft preclinical cancer models. Clinical Cancer
Research, 9(11), 4227-4239.

McFadden, D. G., Papagiannakopoulos, T., Taylor-Weiner, A.,
Stewart, C., Carter, S. L., Cibulskis, K., et al. (2014). Genetic
and clonal dissection of murine small cell lung carcinoma progres-
sion by genome sequencing. Cell, 156(6), 1298-1311. https://doi.
org/10.1016/j.cell.2014.02.031.

Yang, Y., Yang, H. H., Hu, Y., Watson, P. H., Liu, H., Geiger, T.
R., et al. (2017). Immunocompetent mouse allograft models for
development of therapies to target breast cancer metastasis.
Oncotarget, 8(19), 30621-30643. https://doi.org/10.18632/
oncotarget.15695.

Gomez-Cuadrado, L., Tracey, N., Ma, R., Qian, B., & Brunton, V.
G. (2017). Mouse models of metastasis: progress and prospects.
Disease Models & Mechanisms, 10(9), 1061-1074. https://doi.
org/10.1242/dmm.030403.

Khanna, C., & Hunter, K. (2005). Modeling metastasis in vivo.
Carcinogenesis, 26(3), 513-523. https://doi.org/10.1093/carcin/
bgh261.

Jayashankar, V., & Edinger, A. L. (2020). Macropinocytosis con-
fers resistance to therapies targeting cancer anabolism. Nature
Communications, 11(1), 1121. https://doi.org/10.1038/s41467-
020-14928-3.

Dranoff, G. (2011). Experimental mouse tumour models: what can
be learnt about human cancer immunology? Nature Reviews.
Immunology, 12(1), 61-66. https://doi.org/10.1038/nri3129.
Kersten, K., de Visser, K. E., van Miltenburg, M. H., & Jonkers, J.
(2017). Genetically engineered mouse models in oncology re-
search and cancer medicine. EMBO Molecular Medicine, 9(2),
137-153. https://doi.org/10.15252/emmm.201606857.

Mosely, S. L, Prime, J. E., Sainson, R. C., Koopmann, J. O.,
Wang, D. Y., Greenawalt, D. M., et al. (2017). Rational selection
of syngeneic preclinical tumor models for immunotherapeutic
drug discovery. Cancer Immunology Research, 5(1), 29-41.
https://doi.org/10.1158/2326-6066.CIR-16-0114.


https://doi.org/10.1016/j.cell.2014.12.021
https://doi.org/10.1016/j.cell.2014.12.021
https://doi.org/10.1073/pnas.1516689112
https://doi.org/10.1038/ng.3398
https://doi.org/10.1038/ng.3398
https://doi.org/10.1038/nchembio.1810
https://doi.org/10.1038/nchembio.1810
https://doi.org/10.1016/j.ctrv.2020.101993
https://doi.org/10.1016/j.ctrv.2020.101993
https://doi.org/10.1038/s42003-019-0305-x
https://doi.org/10.1038/s42003-019-0305-x
https://doi.org/10.1126/science.aaw7894
https://doi.org/10.1126/science.aaw7894
https://doi.org/10.1016/j.cell.2018.07.009
https://doi.org/10.1016/j.cell.2018.07.009
https://doi.org/10.1038/s41598-017-08879-x
https://doi.org/10.1038/s41467-019-11738-0
https://doi.org/10.1038/s41467-019-11738-0
https://doi.org/10.1016/j.pharmthera.2016.07.014
https://doi.org/10.1039/c8lc00596f
https://doi.org/10.1158/2159-8290.CD-17-0343
https://doi.org/10.1158/2159-8290.CD-17-0343
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.1038/s41416-019-0495-5
https://doi.org/10.1158/2159-8290.CD-11-0109
https://doi.org/10.1158/2159-8290.CD-11-0109
https://doi.org/10.1098/rsob.180080
https://doi.org/10.1016/j.cell.2015.08.068
https://doi.org/10.1158/0008-5472.CAN-13-2971
https://doi.org/10.1038/nm.3853
https://doi.org/10.1038/nm.3853
https://doi.org/10.1158/0008-5472.CAN-07-6611
https://doi.org/10.1158/0008-5472.CAN-07-6611
https://doi.org/10.1016/j.cell.2014.02.031
https://doi.org/10.1016/j.cell.2014.02.031
https://doi.org/10.18632/oncotarget.15695
https://doi.org/10.18632/oncotarget.15695
https://doi.org/10.1242/dmm.030403
https://doi.org/10.1242/dmm.030403
https://doi.org/10.1093/carcin/bgh261
https://doi.org/10.1093/carcin/bgh261
https://doi.org/10.1038/s41467-020-14928-3
https://doi.org/10.1038/s41467-020-14928-3
https://doi.org/10.1038/nri3129
https://doi.org/10.15252/emmm.201606857
https://doi.org/10.1158/2326-6066.CIR-16-0114

Cancer Metastasis Rev (2021) 40:7-30

27

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

Grosso, J. F., & Jure-Kunkel, M. N. (2013). CTLA-4 blockade in
tumor models: an overview of preclinical and translational re-
search. Cancer Immunity, 13, 5.

Herbst, R. S., Soria, J. C., Kowanetz, M., Fine, G. D., Hamid, O.,
Gordon, M. S,, et al. (2014). Predictive correlates of response to
the anti-PD-L1 antibody MPDL3280A in cancer patients. Nature,
515(7528), 563-567. https://doi.org/10.1038/nature14011.
Lechner, M. G., Karimi, S. S., Barry-Holson, K., Angell, T. E.,
Murphy, K. A., Church, C. H., et al. (2013). Immunogenicity of
murine solid tumor models as a defining feature of in vivo behav-
ior and response to immunotherapy. Journal of Immunotherapy,
36(9), 477-489. https://doi.org/10.1097/01.¢ji.0000436722.
46675 4a.

Gajewski, T. F., Schreiber, H., & Fu, Y. X. (2013). Innate and
adaptive immune cells in the tumor microenvironment. Nature
Immunology, 14(10), 1014-1022. https://doi.org/10.1038/ni.
2703.

Sharma, P., & Allison, J. P. (2015). The future of immune check-
point therapy. Science, 348(6230), 56-61. https://doi.org/10.1126/
science.aaa8172.

Lindauer, A., Valiathan, C. R., Mehta, K., Sriram, V., de Greef,
R., Elassaiss-Schaap, J., et al. (2017). Translational
pharmacokinetic/pharmacodynamic modeling of tumor growth in-
hibition supports dose-range selection of the anti-PD-1 antibody
pembrolizumab. CPT: Pharmacometrics & Systems
Pharmacology, 6(1), 11-20. https://doi.org/10.1002/psp4.12130.
Hidalgo, M., Amant, F., Biankin, A. V., Budinska, E., Byrne, A.
T., Caldas, C., et al. (2014). Patient-derived xenograft models: an
emerging platform for translational cancer research. Cancer
Discovery, 4(9), 998-1013. https://doi.org/10.1158/2159-8290.
CD-14-0001.

Izumchenko, E., Paz, K., Ciznadija, D., Sloma, 1., Katz, A.,
Vasquez-Dunddel, D., et al. (2017). Patient-derived xenografts
effectively capture responses to oncology therapy in a heteroge-
neous cohort of patients with solid tumors. Annals of Oncology,
28(10), 2595-2605. https://doi.org/10.1093/annonc/mdx416.
Kabos, P., Finlay-Schultz, J., Li, C., Kline, E., Finlayson, C.,
Wisell, J., et al. (2012). Patient-derived luminal breast cancer xe-
nografts retain hormone receptor heterogeneity and help define
unique estrogen-dependent gene signatures. Breast Cancer
Research and Treatment, 135(2), 415—432. https://doi.org/10.
1007/s10549-012-2164-8.

Laheru, D., Shah, P., Rajeshkumar, N. V., McAllister, F., Taylor,
G., Goldsweig, H., et al. (2012). Integrated preclinical and clinical
development of S-trans, trans-farnesylthiosalicylic acid (FTS,
Salirasib) in pancreatic cancer. Investigational New Drugs,
30(6), 2391-2399. https://doi.org/10.1007/s10637-012-9818-6.
Tentler, J. J., Nallapareddy, S., Tan, A. C., Spreafico, A., Pitts, T.
M., Morelli, M. P., et al. (2010). Identification of predictive
markers of response to the MEK1/2 inhibitor selumetinib
(AZD6244) in K-ras-mutated colorectal cancer. Molecular
Cancer Therapeutics, 9(12), 3351-3362. https://doi.org/10.1158/
1535-7163.MCT-10-0376.

Capasso, A., Bagby, S. M., Dailey, K. L., Currimjee, N., Yacob,
B. W., Ionkina, A., etal. (2019). First-in-class phosphorylated-p68
inhibitor RX-5902 inhibits beta-catenin signaling and demon-
strates antitumor activity in triple-negative breast cancer.
Molecular Cancer Therapeutics, 18(11), 1916—1925. https://doi.
org/10.1158/1535-7163.MCT-18-1334.

Capasso, A., Pitts, T. M., Klauck, P. J., Bagby, S. M., Westbrook,
L., Kaplan, J., et al. (2018). Dual compartmental targeting of cell
cycle and angiogenic kinases in colorectal cancer models. Anfi-
Cancer Drugs, 29(9), 827-838. https://doi.org/10.1097/CAD.
0000000000000673.

Scott, A. J., Arcaroli, J. J., Bagby, S. M., Yahn, R., Huber, K. M.,
Serkova, N. J., et al. (2018). Cabozantinib exhibits potent

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

antitumor activity in colorectal cancer patient-derived tumor xe-
nograft models via autophagy and signaling mechanisms.
Molecular Cancer Therapeutics, 17(10), 2112-2122. https://doi.
org/10.1158/1535-7163.MCT-17-0131.

Tonkina, A. A., Tentler, J. J., Kim, J., Capasso, A., Pitts, T. M.,
Ryall, K. A., etal. (2017). Efficacy and molecular mechanisms of
differentiated response to the aurora and angiogenic kinase inhib-
itor ENMD-2076 in preclinical models of p53-mutated triple-neg-
ative breast cancer. Frontiers in Oncology, 7, 94. https://doi.org/
10.3389/fonc.2017.00094.

Levy, F. E., Larson, J. T., George, E., & Maisel, R. H. (1991).
Invasive Chrysosporium infection of the nose and paranasal si-
nuses in an immunocompromised host. Otolaryngology and
Head and Neck Surgery, 104(3), 384-388. https://doi.org/10.
1177/019459989110400317.

Voglino, A., Paradisi, M., Dompe, G., Onetti Muda, A., &
Faraggiana, T. (1988). Angiokeratoma corporis diffusum
(Fabry’s disease) with unusual features in a female patient.
Light- and electron-microscopic investigation. The American
Journal of Dermatopathology, 10(4), 343-348. https://doi.org/
10.1097/00000372-198808000-00010.

Olson, B., Li, Y., Lin, Y., Liu, E. T., & Patnaik, A. (2018). Mouse
models for cancer immunotherapy research. Cancer Discovery,
8(11), 1358-1365. https://doi.org/10.1158/2159-8290.CD-18-
0044.

Sanmamed, M. F., Chester, C., Melero, 1., & Kohrt, H. (2016).
Defining the optimal murine models to investigate immune check-
point blockers and their combination with other immunotherapies.
Annals of Oncology, 27(7), 1190-1198. https://doi.org/10.1093/
annonc/mdw041.

O’Hagan, R. C., & Heyer, J. (2011). KRAS mouse models:
modeling cancer harboring KRAS Mutations. Genes & Cancer,
2(3), 335-343. https://doi.org/10.1177/1947601911408080.
Morton, J. P., & Sansom, O. J. (2013). MY C-y mice: from tumour
initiation to therapeutic targeting of endogenous MY C. Molecular
Oncology, 7(2), 248-258. https://doi.org/10.1016/j.molonc.2013.
02.015.

Akbay, E. A., & Kim, J. (2018). Autochthonous murine models
for the study of smoker and never-smoker associated lung cancers.
Translational Lung Cancer Research, 7(4), 464—486. https://doi.
org/10.21037/tlcr.2018.06.04.

Kastenhuber, E. R., Lalazar, G., Houlihan, S. L., Tschaharganeh,
D. F., Baslan, T., Chen, C. C., et al. (2017). DNAJB1-PRKACA
fusion kinase interacts with beta-catenin and the liver regenerative
response to drive fibrolamellar hepatocellular carcinoma.
Proceedings of the National Academy of Sciences of the United
States of America, 114(50), 13076—13084. https://doi.org/10.
1073/pnas.1716483114.

Frese, K. K., & Tuveson, D. A. (2007). Maximizing mouse cancer
models. Nature Reviews. Cancer, 7(9), 645—658. https://doi.org/
10.1038/nrc2192.

Niknafs, N., Zhong, Y., Moral, J. A., Zhang, L., Shao, M. X., Lo,
A.,etal. (2019). Characterization of genetic subclonal evolution in
pancreatic cancer mouse models. Nature Communications, 10(1),
5435. https://doi.org/10.1038/s41467-019-13100-w.

Cancer Genome Atlas Research Network. Electronic address, a. a.
d. h. e., & Cancer Genome Atlas Research, N. (2017). Integrated
genomic characterization of pancreatic ductal adenocarcinoma.
Cancer Cell, 32(2), 185-203 el13. https://doi.org/10.1016/j.
ccell.2017.07.007.

Waddell, N., Pajic, M., Patch, A. M., Chang, D. K., Kassahn, K.
S., Bailey, P., et al. (2015). Whole genomes redefine the mutation-
al landscape of pancreatic cancer. Nature, 518(7540), 495-501.
https://doi.org/10.1038/nature14169.

@ Springer


https://doi.org/10.1038/nature14011
https://doi.org/10.1097/01.cji.0000436722.46675.4a
https://doi.org/10.1097/01.cji.0000436722.46675.4a
https://doi.org/10.1038/ni.2703
https://doi.org/10.1038/ni.2703
https://doi.org/10.1126/science.aaa8172
https://doi.org/10.1126/science.aaa8172
https://doi.org/10.1002/psp4.12130
https://doi.org/10.1158/2159-8290.CD-14-0001
https://doi.org/10.1158/2159-8290.CD-14-0001
https://doi.org/10.1093/annonc/mdx416
https://doi.org/10.1007/s10549-012-2164-8
https://doi.org/10.1007/s10549-012-2164-8
https://doi.org/10.1007/s10637-012-9818-6
https://doi.org/10.1158/1535-7163.MCT-10-0376
https://doi.org/10.1158/1535-7163.MCT-10-0376
https://doi.org/10.1158/1535-7163.MCT-18-1334
https://doi.org/10.1158/1535-7163.MCT-18-1334
https://doi.org/10.1097/CAD.0000000000000673
https://doi.org/10.1097/CAD.0000000000000673
https://doi.org/10.1158/1535-7163.MCT-17-0131
https://doi.org/10.1158/1535-7163.MCT-17-0131
https://doi.org/10.3389/fonc.2017.00094
https://doi.org/10.3389/fonc.2017.00094
https://doi.org/10.1177/019459989110400317
https://doi.org/10.1177/019459989110400317
https://doi.org/10.1097/00000372-198808000-00010
https://doi.org/10.1097/00000372-198808000-00010
https://doi.org/10.1158/2159-8290.CD-18-0044
https://doi.org/10.1158/2159-8290.CD-18-0044
https://doi.org/10.1093/annonc/mdw041
https://doi.org/10.1093/annonc/mdw041
https://doi.org/10.1177/1947601911408080
https://doi.org/10.1016/j.molonc.2013.02.015
https://doi.org/10.1016/j.molonc.2013.02.015
https://doi.org/10.21037/tlcr.2018.06.04
https://doi.org/10.21037/tlcr.2018.06.04
https://doi.org/10.1073/pnas.1716483114
https://doi.org/10.1073/pnas.1716483114
https://doi.org/10.1038/nrc2192
https://doi.org/10.1038/nrc2192
https://doi.org/10.1038/s41467-019-13100-w
https://doi.org/10.1016/j.ccell.2017.07.007
https://doi.org/10.1016/j.ccell.2017.07.007
https://doi.org/10.1038/nature14169

28

Cancer Metastasis Rev (2021) 40:7-30

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

Lampreht Tratar, U., Horvat, S., & Cemazar, M. (2018).
Transgenic mouse models in cancer research. Frontiers in
Oncology, 8, 268. https://doi.org/10.3389/fonc.2018.00268.
Tanay, A., & Regev, A. (2017). Scaling single-cell genomics from
phenomenology to mechanism. Nature, 541(7637), 331-338.
https://doi.org/10.1038/nature21350.

Kester, L., & van Oudenaarden, A. (2018). Single-cell transcripto-
mics meets lineage tracing. Cell Stem Cell, 23(2), 166—179.
https://doi.org/10.1016/j.stem.2018.04.014.

Bartoschek, M., Oskolkov, N., Bocci, M., Lovrot, J., Larsson, C.,
Sommarin, M., et al. (2018). Spatially and functionally distinct
subclasses of breast cancer-associated fibroblasts revealed by sin-
gle cell RNA sequencing. Nature Communications, 9(1), 5150.
https://doi.org/10.1038/s41467-018-07582-3.

Fischer, K. R., Durrans, A., Lee, S., Sheng, J., Li, F., Wong, S. T.,
et al. (2015). Epithelial-to-mesenchymal transition is not required
for lung metastasis but contributes to chemoresistance. Nature,
527(7579), 472-476. https://doi.org/10.1038/nature15748.
Zheng, X., Carstens, J. L., Kim, J., Scheible, M., Kaye, J.,
Sugimoto, H., et al. (2015). Epithelial-to-mesenchymal transition
is dispensable for metastasis but induces chemoresistance in pan-
creatic cancer. Nature, 527(7579), 525-530. https://doi.org/10.
1038/nature16064.

Wartha, K., Herting, F., & Hasmann, M. (2014). Fit-for purpose
use of mouse models to improve predictivity of cancer therapeu-
tics evaluation. Pharmacology & Therapeutics, 142(3), 351-361.
https://doi.org/10.1016/j.pharmthera.2014.01.001.

Feig, C., Gopinathan, A., Neesse, A., Chan, D. S., Cook, N., &
Tuveson, D. A. (2012). The pancreas cancer microenvironment.
Clinical Cancer Research, 18(16), 4266—4276. https://doi.org/10.
1158/1078-0432.CCR-11-3114.

Hingorani, S. R., Wang, L., Multani, A. S., Combs, C.,
Deramaudt, T. B., Hruban, R. H., et al. (2005). Trp53R172H
and KrasG12D cooperate to promote chromosomal instability
and widely metastatic pancreatic ductal adenocarcinoma in mice.
Cancer Cell, 7(5), 469-483. https://doi.org/10.1016/j.ccr.2005.
04.023.

Lee, J. W., Komar, C. A., Bengsch, F., Graham, K., & Beatty, G.
L. (2016). Genetically engineered mouse models of pancreatic
cancer: the KPC model (LSL-Kras(G12D/+) ;LSL-
Trp53(R172H/+) ;Pdx-1-Cre), its variants, and their application
in immuno-oncology drug discovery. Current Protocols in
Pharmacology, 73, 14 39 11-14 39 20. https://doi.org/10.1002/
cpph.2.

Rhim, A. D., Mirek, E. T., Aiello, N. M., Maitra, A., Bailey, J. M.,
McAllister, F., et al. (2012). EMT and dissemination precede pan-
creatic tumor formation. Cell, 148(1-2), 349-361. https://doi.org/
10.1016/j.cell.2011.11.025.

Denny, S. K., Yang, D., Chuang, C. H., Brady, J. J., Lim, J. S.,
Gruner, B. M., et al. (2016). Nfib promotes metastasis through a
widespread increase in chromatin accessibility. Cell, 166(2), 328—
342. https://doi.org/10.1016/j.cell.2016.05.052.

Semenova, E. A., Kwon, M. C., Monkhorst, K., Song, J. Y.,
Bhaskaran, R., Krijgsman, O., et al. (2016). Transcription factor
NFIB is a driver of small cell lung cancer progression in mice and
marks metastatic disease in patients. Cell Reports, 16(3), 631-643.
https://doi.org/10.1016/j.celrep.2016.06.020.

Wu, N., Jia, D., Ibrahim, A. H., Bachurski, C. J., Gronostajski, R.
M., & MacPherson, D. (2016). NFIB overexpression cooperates
with Rb/p53 deletion to promote small cell lung cancer.
Oncotarget, 7(36), 57514-57524. https://doi.org/10.18632/
oncotarget.11583.

Schaffer, B. E., Park, K. S., Yiu, G., Conklin, J. F., Lin, C.,
Burkhart, D. L., et al. (2010). Loss of p130 accelerates tumor
development in a mouse model for human small-cell lung

@ Springer

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

carcinoma. Cancer Research, 70(10), 3877-3883. https://doi.
org/10.1158/0008-5472.CAN-09-4228.

Muzumdar, M. D., Tasic, B., Miyamichi, K., Li, L., & Luo, L.
(2007). A global double-fluorescent Cre reporter mouse. Genesis,
45(9), 593-605. https://doi.org/10.1002/dvg.20335.

Su, W., Han, H. H., Wang, Y., Zhang, B., Zhou, B., Cheng, Y.,
et al. (2019). The polycomb repressor complex 1 drives double-
negative prostate cancer metastasis by coordinating stemness and
immune suppression. Cancer Cell, 36(2), 139—155 e110. https:/
doi.org/10.1016/j.ccell.2019.06.009.

Lu, Z., Zou, J., Li, S., Topper, M. J., Tao, Y., Zhang, H., et al.
(2020). Epigenetic therapy inhibits metastases by disrupting
premetastatic niches. Nature, 579(7798), 284-290. https://doi.
org/10.1038/s41586-020-2054-x.

Ding, Z., Wu, C. J., Chu, G. C., Xiao, Y., Ho, D., Zhang, J., et al.
(2011). SMAD4-dependent barrier constrains prostate cancer
growth and metastatic progression. Nature, 470(7333), 269-273.
https://doi.org/10.1038/nature09677.

Sackmann Sala, L., Boutillon, F., Menara, G., De Goyon-Pelard,
A., Leprevost, M., Codzamanian, J., et al. (2017). A rare
castration-resistant progenitor cell population is highly enriched
in Pten-null prostate tumours. The Journal of Pathology, 243(1),
51-64. https://doi.org/10.1002/path.4924.

Vanden Berghe, T., Hulpiau, P., Martens, L., Vandenbroucke, R.
E., Van Wonterghem, E., Perry, S. W., et al. (2015). Passenger
mutations confound interpretation of all genetically modified
congenic mice. Immunity, 43(1), 200-209. https://doi.org/10.
1016/j.immuni.2015.06.011.

Yuen, G. J., Demissie, E., & Pillai, S. (2016). B lymphocytes and
cancer: a love-hate relationship. Trends in Cancer, 2(12), 747—
757. https://doi.org/10.1016/j.trecan.2016.10.010.

Wang, G., Lu, X., Dey, P., Deng, P., Wu, C. C,, Jiang, S., et al.
(2016). Targeting Y AP-dependent mdsc infiltration impairs tumor
progression. Cancer Discovery, 6(1), 80-95. https://doi.org/10.
1158/2159-8290.CD-15-0224.

Zilionis, R., Engblom, C., Pfirschke, C., Savova, V., Zemmour,
D., Saatcioglu, H. D., et al. (2019). Single-cell transcriptomics of
human and mouse lung cancers reveals conserved myeloid popu-
lations across individuals and species. Immunity, 50(5), 1317—
1334 ¢1310. https://doi.org/10.1016/j.immuni.2019.03.009.
Mitrofanova, A., Aytes, A., Zou, M., Shen, M. M., Abate-Shen,
C., & Califano, A. (2015). Predicting drug response in human
prostate cancer from preclinical analysis of in vivo mouse models.
Cell Reports, 12(12), 2060-2071. https://doi.org/10.1016/j.celrep.
2015.08.051.

Chesi, M., Matthews, G. M., Garbitt, V. M., Palmer, S. E., Shortt,
J., Lefebure, M., et al. (2012). Drug response in a genetically
engineered mouse model of multiple myeloma is predictive of
clinical efficacy. Blood, 120(2), 376-385. https://doi.org/10.
1182/blood-2012-02-412783.

Liu, H., Murphy, C. J., Karreth, F. A., Emdal, K. B., White, F. M.,
Elemento, O., et al. (2018). Identifying and targeting sporadic
oncogenic genetic aberrations in mouse models of triple-negative
breast cancer. Cancer Discovery, 8(3), 354-369. https://doi.org/
10.1158/2159-8290.CD-17-0679.

Combest, A. J., Roberts, P. J., Dillon, P. M., Sandison, K., Hanna,
S. K., Ross, C., et al. (2012). Genetically engineered cancer
models, but not xenografts, faithfully predict anticancer drug ex-
posure in melanoma tumors. Oncologist, 17(10), 1303-1316.
https://doi.org/10.1634/theoncologist.2012-0274.

Magnotti, E., & Marasco, W. A. (2018). The latest animal models
of ovarian cancer for novel drug discovery. Expert Opinion on
Drug Discovery, 13(3), 249-257. https://doi.org/10.1080/
17460441.2018.1426567.

Tentler, J. J., Tan, A. C., Weekes, C. D., Jimeno, A., Leong, S.,
Pitts, T. M., et al. (2012). Patient-derived tumour xenografts as


https://doi.org/10.3389/fonc.2018.00268
https://doi.org/10.1038/nature21350
https://doi.org/10.1016/j.stem.2018.04.014
https://doi.org/10.1038/s41467-018-07582-3
https://doi.org/10.1038/nature15748
https://doi.org/10.1038/nature16064
https://doi.org/10.1038/nature16064
https://doi.org/10.1016/j.pharmthera.2014.01.001
https://doi.org/10.1158/1078-0432.CCR-11-3114
https://doi.org/10.1158/1078-0432.CCR-11-3114
https://doi.org/10.1016/j.ccr.2005.04.023
https://doi.org/10.1016/j.ccr.2005.04.023
https://doi.org/10.1002/cpph.2
https://doi.org/10.1002/cpph.2
https://doi.org/10.1016/j.cell.2011.11.025
https://doi.org/10.1016/j.cell.2011.11.025
https://doi.org/10.1016/j.cell.2016.05.052
https://doi.org/10.1016/j.celrep.2016.06.020
https://doi.org/10.18632/oncotarget.11583
https://doi.org/10.18632/oncotarget.11583
https://doi.org/10.1158/0008-5472.CAN-09-4228
https://doi.org/10.1158/0008-5472.CAN-09-4228
https://doi.org/10.1002/dvg.20335
https://doi.org/10.1016/j.ccell.2019.06.009
https://doi.org/10.1016/j.ccell.2019.06.009
https://doi.org/10.1038/s41586-020-2054-x
https://doi.org/10.1038/s41586-020-2054-x
https://doi.org/10.1038/nature09677
https://doi.org/10.1002/path.4924
https://doi.org/10.1016/j.immuni.2015.06.011
https://doi.org/10.1016/j.immuni.2015.06.011
https://doi.org/10.1016/j.trecan.2016.10.010
https://doi.org/10.1158/2159-8290.CD-15-0224
https://doi.org/10.1158/2159-8290.CD-15-0224
https://doi.org/10.1016/j.immuni.2019.03.009
https://doi.org/10.1016/j.celrep.2015.08.051
https://doi.org/10.1016/j.celrep.2015.08.051
https://doi.org/10.1182/blood-2012-02-412783
https://doi.org/10.1182/blood-2012-02-412783
https://doi.org/10.1158/2159-8290.CD-17-0679
https://doi.org/10.1158/2159-8290.CD-17-0679
https://doi.org/10.1634/theoncologist.2012-0274
https://doi.org/10.1080/17460441.2018.1426567
https://doi.org/10.1080/17460441.2018.1426567

Cancer Metastasis Rev (2021) 40:7-30

29

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

models for oncology drug development. Nature Reviews. Clinical
Oncology, 9(6), 338-350. https://doi.org/10.1038/nrclinonc.2012.
61.

Lawson, D. A., Bhakta, N. R., Kessenbrock, K., Prummel, K. D.,
Yu, Y., Takai, K., etal. (2015). Single-cell analysis reveals a stem-
cell program in human metastatic breast cancer cells. Nature,
526(7571), 131-135. https://doi.org/10.1038/nature15260.
Hutchinson, L., & Kirk, R. (2011). High drug attrition rates—where
are we going wrong? Nature Reviews. Clinical Oncology, 8(4),
189-190. https://doi.org/10.1038/nrclinonc.2011.34.

Byme, A. T., Alferez, D. G., Amant, F., Annibali, D., Arribas, J.,
Biankin, A. V., et al. (2017). Interrogating open issues in cancer
precision medicine with patient-derived xenografts. Nature
Reviews. Cancer, 17(4), 254-268. https://doi.org/10.1038/nrc.
2016.140.

Koga, Y., & Ochiai, A. (2019). Systematic review of patient-
derived xenograft models for preclinical studies of anti-cancer
drugs in solid tumors. Cells, 8(5). https://doi.org/10.3390/
cells8050418.

Gao, H., Kom, J. M., Ferretti, S., Monahan, J. E., Wang, Y.,
Singh, M., et al. (2015). High-throughput screening using
patient-derived tumor xenografts to predict clinical trial drug re-
sponse. Nature Medicine, 21(11), 1318-1325. https://doi.org/10.
1038/nm.3954.

Clohessy, J. G., & Pandolfi, P. P. (2018). The mouse hospital and
its integration in ultra-precision approaches to cancer care.
Frontiers in Oncology, 8, 340. https://doi.org/10.3389/fonc.
2018.00340.

Clohessy, J. G., & Pandolfi, P. P. (2015). Mouse hospital and co-
clinical trial project—from bench to bedside. Nature Reviews.
Clinical Oncology, 12(8), 491-498. https://doi.org/10.1038/
nrclinone.2015.62.

Zhang, X., Claerhout, S., Prat, A., Dobrolecki, L. E., Petrovic, 1.,
Lai, Q., et al. (2013). A renewable tissue resource of phenotypi-
cally stable, biologically and ethnically diverse, patient-derived
human breast cancer xenograft models. Cancer Research,
73(15), 4885-4897. https://doi.org/10.1158/0008-5472.CAN-12-
4081.

Stewart, E. L., Mascaux, C., Pham, N. A., Sakashita, S., Sykes, J.,
Kim, L., et al. (2015). Clinical utility of patient-derived xenografts
to determine biomarkers of prognosis and map resistance path-
ways in EGFR-mutant lung adenocarcinoma. Journal of Clinical
Oncology, 33(22), 2472-2480. https://doi.org/10.1200/JC0O.2014.
60.1492.

Vargas, R., Gopal, P., Kuzmishin, G. B., DeBernardo, R.,
Koyfman, S. A., Jha, B. K., et al. (2018). Case study: patient-
derived clear cell adenocarcinoma xenograft model longitudinally
predicts treatment response. NPJ Precision Oncology, 2, 14.
https://doi.org/10.1038/s41698-018-0060-3.

Stebbing, J., Paz, K., Schwartz, G. K., Wexler, L. H., Maki, R.,
Pollock, R. E., et al. (2014). Patient-derived xenografts for indi-
vidualized care in advanced sarcoma. Cancer, 120(13), 2006—
2015. https://doi.org/10.1002/cncr.28696.

Kopetz, S., Desai, J., Chan, E., Hecht, J. R., O’Dwyer, P. J., Maru,
D., et al. (2015). Phase II pilot study of vemurafenib in patients
with metastatic BRAF-mutated colorectal cancer. Journal of
Clinical Oncology, 33(34), 4032-4038. https://doi.org/10.1200/
JCO.2015.63.2497.

Julien, S., Merino-Trigo, A., Lacroix, L., Pocard, M., Goere, D.,
Mariani, P., et al. (2012). Characterization of a large panel of
patient-derived tumor xenografts representing the clinical hetero-
geneity of human colorectal cancer. Clinical Cancer Research,
18(19), 5314-5328. https://doi.org/10.1158/1078-0432.CCR-12-
0372.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

Marusyk, A., & Polyak, K. (2010). Tumor heterogeneity: causes
and consequences. Biochimica et Biophysica Acta, 1805(1), 105—
117. https://doi.org/10.1016/j.bbcan.2009.11.002.

Braekeveldt, N., von Stedingk, K., Fransson, S., Martinez-
Monleon, A., Lindgren, D., Axelson, H., et al. (2018). Patient-
Derived xenograft models reveal intratumor heterogeneity and
temporal stability in neuroblastoma. Cancer Research, 78(20),
5958-5969. https://doi.org/10.1158/0008-5472.CAN-18-0527.
Cassidy, J. W., Caldas, C., & Bruna, A. (2015). Maintaining tumor
heterogeneity in patient-derived tumor xenografts. Cancer
Research, 75(15), 2963-2968. https://doi.org/10.1158/0008-
5472.CAN-15-0727.

Prasetyanti, P. R., van Hooff, S. R., van Herwaarden, T., de Vries,
N., Kalloe, K., Rodermond, H., et al. (2019). Capturing colorectal
cancer inter-tumor heterogeneity in patient-derived xenograft
(PDX) models. International Journal of Cancer, 144(2), 366—
371. https://doi.org/10.1002/ijc.31767.

Collins, A. T., & Lang, S. H. (2018). A systematic review of the
validity of patient derived xenograft (PDX) models: the implica-
tions for translational research and personalised medicine. PeerJ,
6, €5981. https://doi.org/10.7717/peerj.5981.

Junttila, M. R., & de Sauvage, F. J. (2013). Influence of tumour
micro-environment heterogeneity on therapeutic response.
Nature, 501(7467), 346-354. https://doi.org/10.1038/
nature12626.

Okada, S., Vaeteewoottacharn, K., & Kariya, R. (2019).
Application of highly immunocompromised mice for the estab-
lishment of patient-derived xenograft (PDX) Models. Cells, 8(8).
https://doi.org/10.3390/cells8080889.

Capasso, A., Lang, J., Pitts, T. M., Jordan, K. R., Lieu, C. H.,
Davis, S. L., et al. (2019). Characterization of immune responses
to anti-PD-1 mono and combination immunotherapy in hemato-
poietic humanized mice implanted with tumor xenografts. Journal
for Immunotherapy of Cancer, 7(1), 37. https://doi.org/10.1186/
$40425-019-0518-z.

Lang, J., Capasso, A., Jordan, K. R., French, J. D., Kar, A., Bagby,
S. M., et al. (2020). Development of an adrenocortical cancer
humanized mouse model to characterize Anti-PD1 effects on tu-
mor microenvironment. The Journal of Clinical Endocrinology
and Metabolism, 105(1). https://doi.org/10.1210/clinem/dgz014.
Ledford, H. (2016). US cancer institute to overhaul tumour cell
lines. Nature, 530(7591), 391. https://doi.org/10.1038/nature.
2016.19364.

Sprouffske, K., Kerr, G., Li, C., Prahallad, A., Rebmann, R.,
Waehle, V., et al. (2020). Genetic heterogeneity and clonal evo-
lution during metastasis in breast cancer patient-derived tumor
xenograft models. Computational and Structural Biotechnology
Journal, 18, 323-331. https://doi.org/10.1016/j.csbj.2020.01.008.
Whittle, J. R., Lewis, M. T., Lindeman, G. J., & Visvader, J. E.
(2015). Patient-derived xenograft models of breast cancer and
their predictive power. Breast Cancer Research, 17, 17. https:/
doi.org/10.1186/s13058-015-0523-1.

Puchalapalli, M., Zeng, X., Mu, L., Anderson, A., Hix Glickman,
L., Zhang, M., et al. (2016). NSG mice provide a better spontane-
ous model of breast cancer metastasis than athymic (nude) mice.
PLoS One, 11(9),e0163521. https://doi.org/10.1371/journal.pone.
0163521.

Morton, J. J., Bird, G., Refaeli, Y., & Jimeno, A. (2016).
Humanized mouse xenograft models: narrowing the tumor-
microenvironment gap. Cancer Research, 76(21), 6153—-6158.
https://doi.org/10.1158/0008-5472.CAN-16-1260.

Lang, J., Weiss, N., Freed, B. M., Torres, R. M., & Pelanda, R.
(2011). Generation of hematopoietic humanized mice in the new-
born BALB/c-Rag2null I12rgammanull mouse model: a multivar-
iable optimization approach. Clinical Immunology, 140(1), 102—
116. https://doi.org/10.1016/j.clim.2011.04.002.

@ Springer


https://doi.org/10.1038/nrclinonc.2012.61
https://doi.org/10.1038/nrclinonc.2012.61
https://doi.org/10.1038/nature15260
https://doi.org/10.1038/nrclinonc.2011.34
https://doi.org/10.1038/nrc.2016.140
https://doi.org/10.1038/nrc.2016.140
https://doi.org/10.3390/cells8050418
https://doi.org/10.3390/cells8050418
https://doi.org/10.1038/nm.3954
https://doi.org/10.1038/nm.3954
https://doi.org/10.3389/fonc.2018.00340
https://doi.org/10.3389/fonc.2018.00340
https://doi.org/10.1038/nrclinonc.2015.62
https://doi.org/10.1038/nrclinonc.2015.62
https://doi.org/10.1158/0008-5472.CAN-12-4081
https://doi.org/10.1158/0008-5472.CAN-12-4081
https://doi.org/10.1200/JCO.2014.60.1492
https://doi.org/10.1200/JCO.2014.60.1492
https://doi.org/10.1038/s41698-018-0060-3
https://doi.org/10.1002/cncr.28696
https://doi.org/10.1200/JCO.2015.63.2497
https://doi.org/10.1200/JCO.2015.63.2497
https://doi.org/10.1158/1078-0432.CCR-12-0372
https://doi.org/10.1158/1078-0432.CCR-12-0372
https://doi.org/10.1016/j.bbcan.2009.11.002
https://doi.org/10.1158/0008-5472.CAN-18-0527
https://doi.org/10.1158/0008-5472.CAN-15-0727
https://doi.org/10.1158/0008-5472.CAN-15-0727
https://doi.org/10.1002/ijc.31767
https://doi.org/10.7717/peerj.5981
https://doi.org/10.1038/nature12626
https://doi.org/10.1038/nature12626
https://doi.org/10.3390/cells8080889
https://doi.org/10.1186/s40425-019-0518-z
https://doi.org/10.1186/s40425-019-0518-z
https://doi.org/10.1210/clinem/dgz014
https://doi.org/10.1038/nature.2016.19364
https://doi.org/10.1038/nature.2016.19364
https://doi.org/10.1016/j.csbj.2020.01.008
https://doi.org/10.1186/s13058-015-0523-1
https://doi.org/10.1186/s13058-015-0523-1
https://doi.org/10.1371/journal.pone.0163521
https://doi.org/10.1371/journal.pone.0163521
https://doi.org/10.1158/0008-5472.CAN-16-1260
https://doi.org/10.1016/j.clim.2011.04.002

30

Cancer Metastasis Rev (2021) 40:7-30

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

Bankert, R. B., Balu-lIyer, S. V., Odunsi, K., Shultz, L. D.,
Kelleher Jr., R. J., Barnas, J. L., et al. (2011). Humanized mouse
model of ovarian cancer recapitulates patient solid tumor progres-
sion, ascites formation, and metastasis. PLoS One, 6(9), €24420.
https://doi.org/10.1371/journal.pone.0024420.

Kuperwasser, C., Dessain, S., Bierbaum, B. E., Garnet, D.,
Sperandio, K., Gauvin, G. P., et al. (2005). A mouse model of
human breast cancer metastasis to human bone. Cancer Research,
65(14), 6130-6138. https://doi.org/10.1158/0008-5472.CAN-04-
1408.

Wang, M., Yao, L. C., Cheng, M., Cai, D., Martinek, J., Pan, C.
X., et al. (2018). Humanized mice in studying efficacy and mech-
anisms of PD-1-targeted cancer immunotherapy. The FASEB
Journal, 32(3), 1537-1549. https://doi.org/10.1096/1j.
201700740R.

Yost, K. E., Satpathy, A. T., Wells, D. K., Qi, Y., Wang, C.,
Kageyama, R., et al. (2019). Clonal replacement of tumor-
specific T cells following PD-1 blockade. Nature Medicine,
25(8), 1251-1259. https://doi.org/10.1038/s41591-019-0522-3.
Brehm, M. A., & Shultz, L. D. (2012). Human allograft rejection
in humanized mice: a historical perspective. Cellular & Molecular
Immunology, 9(3), 225-231. https://doi.org/10.1038/cmi.2011.64.
Skelton, J. K., Ortega-Prieto, A. M., & Dorner, M. (2018). A
Hitchhiker’s guide to humanized mice: new pathways to studying
viral infections. Immunology, 154(1), 50-61. https://doi.org/10.
1111/imm.12906.

Yaguchi, T., Kobayashi, A., Inozume, T., Morii, K., Nagumo, H.,
Nishio, H., et al. (2018). Human PBMC-transferred murine MHC
class I/Il-deficient NOG mice enable long-term evaluation of hu-
man immune responses. Cellular & Molecular Immunology,
15(11), 953-962. https://doi.org/10.1038/cmi.2017.106.
Traggiai, E., Chicha, L., Mazzucchelli, L., Bronz, L., Piffaretti, J.
C., Lanzavecchia, A., et al. (2004). Development of a human
adaptive immune system in cord blood cell-transplanted mice.
Science, 304(5667), 104—107. https://doi.org/10.1126/science.
1093933.

Takahama, Y. (2006). Journey through the thymus: stromal guides
for T-cell development and selection. Nature Reviews.
Immunology, 6(2), 127-135. https://doi.org/10.1038/nri1781.
Shultz, L. D., Saito, Y., Najima, Y., Tanaka, S., Ochi, T.,
Tomizawa, M., et al. (2010). Generation of functional human T-
cell subsets with HLA-restricted immune responses in HLA class
I expressing NOD/SCID/IL2r gamma (null) humanized mice.
Proceedings of the National Academy of Sciences of the United
States of America, 107(29), 13022—13027. https://doi.org/10.
1073/pnas.1000475107.

Pajot, A., Michel, M. L., Fazilleau, N., Pancre, V., Auriault, C.,
Ojcius, D. M., et al. (2004). A mouse model of human adaptive
immune functions: HLA-A2.1-/HLA-DR1-transgenic H-2 class
I-/class 1I-knockout mice. European Journal of Immunology,
34(11), 3060-3069. https://doi.org/10.1002/¢ji.200425463.

@ Springer

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

Covassin, L., Jangalwe, S., Jouvet, N., Laning, J., Burzenski, L.,
Shultz, L. D., et al. (2013). Human immune system development
and survival of non-obese diabetic (NOD)-scid IL2rgamma(null)
(NSG) mice engrafted with human thymus and autologous
haematopoietic stem cells. Clinical and Experimental
Immunology, 174(3), 372-388. https://doi.org/10.1111/cei.12180.
Pompili, L., Porru, M., Caruso, C., Biroccio, A., & Leonetti, C.
(2016). Patient-derived xenografts: a relevant preclinical model
for drug development. Journal of Experimental & Clinical
Cancer Research, 35(1), 189. https://doi.org/10.1186/s13046-
016-0462-4.

Yong, K. S. M., Her, Z., & Chen, Q. (2018). Humanized mice as
unique tools for human-specific studies. Archivum Immunologiae
et Therapiae Experimentalis (Warsz), 66(4), 245-266. https://doi.
org/10.1007/s00005-018-0506-x.

Wege, A. K., Emst, W., Eckl, J., Frankenberger, B., Vollmann-
Zwerenz, A., Mannel, D. N., et al. (2011). Humanized tumor
mice—a new model to study and manipulate the immune response
in advanced cancer therapy. International Journal of Cancer,
129(9), 2194-2206. https://doi.org/10.1002/ijc.26159.
Sanmamed, M. F., Rodriguez, 1., Schalper, K. A., Onate, C.,
Azpilikueta, A., Rodriguez-Ruiz, M. E., et al. (2015).
Nivolumab and urelumab enhance antitumor activity of human
T lymphocytes engrafted in Rag2-/-IL2Rgammanull immunode-
ficient mice. Cancer Research, 75(17), 3466-3478. https://doi.
org/10.1158/0008-5472.CAN-14-3510.

Watkins, D. C., Northup, J. K., & Malbon, C. C. (1987).
Regulation of G-proteins in differentiation. Altered ratio of
alpha- to beta-subunits in 3T3-L1 cells. The Journal of
Biological Chemistry, 262(22), 10651-10657.

Wong, H., Choo, E. F., Alicke, B., Ding, X., La, H., McNamara,
E., et al. (2012). Antitumor activity of targeted and cytotoxic
agents in murine subcutaneous tumor models correlates with clin-
ical response. Clinical Cancer Research, 18(14), 3846-3855.
https://doi.org/10.1158/1078-0432.CCR-12-0738.

Kim, W. Y., & Sharpless, N. E. (2012). Drug efficacy testing in
mice. Current Topics in Microbiology and Immunology, 355, 19—
38. https://doi.org/10.1007/82_2011 160.

Youil, R., & Finch, L. R. (1988). Isolation and characterization of
Mycoplasma mycoides subsp. mycoides mutants deficient in nu-
cleoside monophosphate transport. Journal of Bacteriology,
170(12), 5922-5924. https://doi.org/10.1128/jb.170.12.5922-
5924.1988.

Zhang, J., Rector, J., Lin, J. Q., Young, J. H., Sans, M., Katta, N.,
etal. (2017). Nondestructive tissue analysis for ex vivo and in vivo
cancer diagnosis using a handheld mass spectrometry system.
Science Translational Medicine, 9(406). https://doi.org/10.1126/
scitranslmed.aan3968.

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.


https://doi.org/10.1371/journal.pone.0024420
https://doi.org/10.1158/0008-5472.CAN-04-1408
https://doi.org/10.1158/0008-5472.CAN-04-1408
https://doi.org/10.1096/fj.201700740R
https://doi.org/10.1096/fj.201700740R
https://doi.org/10.1038/s41591-019-0522-3
https://doi.org/10.1038/cmi.2011.64
https://doi.org/10.1111/imm.12906
https://doi.org/10.1111/imm.12906
https://doi.org/10.1038/cmi.2017.106
https://doi.org/10.1126/science.1093933
https://doi.org/10.1126/science.1093933
https://doi.org/10.1038/nri1781
https://doi.org/10.1073/pnas.1000475107
https://doi.org/10.1073/pnas.1000475107
https://doi.org/10.1002/eji.200425463
https://doi.org/10.1111/cei.12180
https://doi.org/10.1186/s13046-016-0462-4
https://doi.org/10.1186/s13046-016-0462-4
https://doi.org/10.1007/s00005-018-0506-x
https://doi.org/10.1007/s00005-018-0506-x
https://doi.org/10.1002/ijc.26159
https://doi.org/10.1158/0008-5472.CAN-14-3510
https://doi.org/10.1158/0008-5472.CAN-14-3510
https://doi.org/10.1158/1078-0432.CCR-12-0738
https://doi.org/10.1007/82_2011_160
https://doi.org/10.1128/jb.170.12.5922-5924.1988
https://doi.org/10.1128/jb.170.12.5922-5924.1988
https://doi.org/10.1126/scitranslmed.aan3968
https://doi.org/10.1126/scitranslmed.aan3968

	Current methods in translational cancer research
	Abstract
	Introduction
	Cell culture
	Organoids
	Modeling tumorigenesis and tumor evolution
	Platform for drug screening and drug discovery

	Mouse models
	Xenograft and syngeneic mouse models
	Tumor evolution and heterogeneity
	Metastasis
	Immune-tumor interactions
	Drug discovery and drug screening

	Genetically engineered mouse models
	Tumor evolution and heterogeneity
	Metastasis
	Immune-tumor interactions
	Drug discovery and drug screening

	Patient-derived xenograft mouse models
	Challenges and limitations of PDX models
	Metastasis
	Immune-tumor interactions
	Drug discovery and drug screening


	Conclusion
	References


