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Abstract

Patient-Derived-Tumor-Xenografts (PDTX) represent one of the most promising platforms to model human cancer and its complexity. PDTX are able to closely
recapitulate the principal features of donor tumors, and remain fairly stable along the passages, rendering them an ideal tool to serve as powerful and predictive models
in oncology. Here we aimed to overview our current understanding of PDTX, and their potential applications in basic and translational cancer research. We briefly
describe the methodological aspects of PDTX generation, and then focus on the usefulness of PDTX in tumor heterogeneity and clonal evolution studies, as well as
their usage to dissect the host microenvironment and the emergence of drug resistance. We also focus on the key role of PDTX in the discovery of biomarkers and

drug screening development. The limitations and future perspectives to further improve the PDTX models are also discussed.

Introduction

In the last few decades, massive efforts have been devoted
to understanding the pathobiology of human cancers. Despite
remarkable advances, elucidating the mechanisms underlying tumor
establishment and progression still appears incomplete [1]. This lack
of deep understanding is responsible for the partial success in the
cure of cancer patients and our failure to eradicate cancers in the
vast majority of patients [2-4]. Among many of the caveats, which
have weakened major successes, a major issue remains in the lack of
reliable models that can extensively reproduce human cancers and all
their multifaceted features [3,5]. Therefore, the development of novel
models that can more accurately reproduce tumor heterogeneity and
predict in vivo drug sensitivity and response to patients is necessary to
effectively move forward in cancer research and clinical practice.

Cancer cell lines still represent the most common models in cancer
research and anticancer drug discovery. These simplified models, such
as 2D cultures, have objective advantages, however theylack appropriate
cell-cell and cell-matrix interactions, and the prerequisites required to
fully maintain the appropriate oncogenic phenotype. Moreover, all of
them have undergone enormous adjustments and are the end product
of strict clonal selection, which do not fully represent human cancers
and their heterogeneous nature. These events frequently de-route the
cancer prone signaling pathways operating in tumor cells within their
natural habitat. To overcome these limitations, many attempts have
been made to culture purified populations of primary cells either in 2D
or as tumor fragments/organoids. Nevertheless, primary cells can also
rapidly lose their features, or alternately can only survive for relatively
short period of times, further underscoring the intricate requirements
of cancer cells [6,7].

Of note, organoid cultures provide more effective in vitro cancer
models, which more closely mimic the tumor growth of primary
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human cancers [8]. They are sustained by different physical supports
that aim to mimic the tumor microenvironment. Interestingly, the
extra-cellular matrix of organoids can be functionalized to provide
more appropriate stimuli [9,10]. Because clinical tumor responses to
therapeutic agents can be highly unpredictable, organoids represent
a powerful tool for both drug screening and basic cancer research
[11,12]. However, organoid models are often comprised of individual
or at best just a few tumoral elements. Indeed, models with multiple
cell types, the appropriate organization and the appropriate cell-cell
or cell-matrix interactions remain hardly achievable. Though they
are promising biological tools representing a good balance between
feasibility and stability. However we do not have yet developed fully
highly comprehensive tools, which may overcome the limitations of
either 2D or current 3D culture systems [8,11,12].

The field of Patient-Derived-Tumor-Xenografts (PDTX), which
was first described more than 40 years ago, may represent a valuable
option for cancer research and drug discovery [13,14]. Since then,
the availability of unique immune-deficient mice has significantly
increased [15]. This has led to improved tumor engraftment rates and
a wider usage of PDTX models. Interestingly, the histopathology of
PDTX tumors closely mimics those of the donor lesions. A plethora of
evidence, including high fidelity in mutational status, transcriptome,
histology, polymorphism and copy number variation, also supports the
notion that PDTX models remarkably resemble the pathophysiology
of human tumors more closely than traditional Cancer-derived
xenograft (CDX) models [16]. This convincing data suggests PDTX
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are informative models to study clonal evolution along serial passages,
at the rates reported in primary tumors [17-24]. Notably, PDTX grow
within a rich host environment and the relationship between human
tumors and mouse host elements have been proven to be critical for
the successful engraftment, growth and response to therapy [25].
Therefore PDTX can be used not only to study tumor cells, but also
to investigate the role and function of the stroma/host, providing new
opportunities to explore and dissect the protumorigenic role of cancer
niches. Collectively, several studies have now demonstrated that PDTX
represent effective models to test drugs that target cancer elements and
modulate tumor vasculature and/or the stromal compartment [26,27].

Unfortunately, PDTX too have sizable limitations. For example, it
is still unclear whether the resistance or sensitivity of patient tumors
toward cancer chemotherapeutics is retained in PDTX models. This
question represents the central focus of the current debate over the
utility of PDTX models. Another important barrier is the imperfect
cross talk between murine and human cells and the lack of key features
of the immune machinery in immune-compromised mice. At this
point, the usage of PDTX models to study drugs whose pharmacological
activities target the host immune system, including immunotherapeutic
compounds, is highly limited [18]. This is a limitation that could be
at least in part be overcome by humanized PDTX models [28]. At
this point, PDTX represent reliable and effective tools capable of
providing new avenues to discover the enormous complexity of cancer
cells and their microenvironment. Lastly, although they provide an
unprecedented opportunity, the findings emerging from these models
need to be integrated and cross-validated with those derived from
other systems and accurately annotated by genomics read outs.

Herein, we will focus on the principles of PDTX generation,
and discuss how these models may be envisioned. Limitations of
representative models will also be discussed and alternatives to
overcome them entertained.

PDTX generation and characterization

The ability to grow human tumor tissues in host recipients was
developed more than 40 years ago by Cobb LM [13]. However, only in
the last few decades have PDTX been widely used in cancer research.
Although customized methodologies have been employed, their general
rationale and objectives remain similar [22,29,30]. In the case of solid
neoplasms, after sample collection, tumors are rapidly processed and
tissue fragments (=3mm?’) are implanted via multiple routes, more
frequently subcutaneously or orthotopically. Contrary to previous
approaches, which took advantage of single cell suspensions generated
after mechanical or enzymatic manipulation, the implantation of tissue
fragments provides a rational advantage in maintaining the overall
organization of the neoplastic microenvironement and ultimately
preserves neoplastic niches. In the setting of liquid tumors, cancer
cells are instead purified (gradient separation etc.) and implanted
(intravenous, intraperitoneal, intraspleen-liver, intrabone) in
immunocompromised host animals. Orthotopical implantation and/or
injection represent additional options, to allow tumor expansion in the
same organ of the parental tumor (mammary fat pad, brain, ovary), and
consequently it is anticipated that these derived PDTX may represent
more predictive models. The time of engraftment varies considerably
between different cancers and also among different xenograft
belonging to the same tumor type. In general, the growth takes about
2-3 months, but longer periods of time (>6-9 month) are not unusual.
Of note, in many models there is an increasing fitness along passages
with a shorting of the time needed to develop tumors. This suggests
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the selection of best-fitted populations can occur along propagation,
demonstrating that these models are highly dynamic. Overall, this
provides valuable powerful tools to explore cancer evolution and
progression, as demonstrated in a study of Ding et al who reported that
the mutations acquired by a breast PDTX across different generations
could be found in the metastatic sites [31]. A similar scenario has been
described in leukemia PDTX models [32].

Technically, different factors can influence the rate of engraftment,
such as the quality of the patient derived material, tumor type, stage
of differentiation, drug resistance, time of implant, number of cells,
and routes of implantation. Perhaps the most critical variable is the
selection of mouse strain. The development of RAG or NOD/SCID/
IL2Ry™! (NSG) mice represents a major achievement and has improved
engraftment of primary human tumor specimens [33]. NSG mice are
Scid deficient (bearing a DNA repair complex protein Prkdc mutation)
resulting in profound defects in both B and T cells. They also harbor
a target mutation of the gene encoding the IL2-receptor common y
chain (IL2rg™") and the lack of signaling through IL2rg results in the
functional impairment of NK cells, thus severely compromising both
the innate and adaptive immunities in these animals [15]. Moreover,
engineered NSG mice have emerged for specific application (i.e. AML)
and to generated more reliable humanized mice.

Testing the reliability of PDTX as a photocopy of the primary tumor
remains a necessity for the appropriate usage and interpretation of the
model data. This can be approached using different and integrated
readouts. Routine histology, immunohistochemical analyses can probe
many of the PDTX phenotyping features (tissue structure, etc), while
genomics (target sequencing, Exome-Seq and RNA-Seq) can reveal
the degree of similarities among primary and derived xenografts
(mutations, copy number variations, SNPs). Both platforms can provide
data on the contribution of normal human and mouse cells and the
balance between these elements. This is a critical issue, considering that
in general human host cells are lost rapidly in the first passages and are
substituted by the intratumoral infiltration of normal mouse elements;
a phenomenon that is highly dynamic along passages [25]. Moreover,
biological features such as drug sensitivity and metastatic spreading
need to be tested as well and ideally they should be maintained through
serial transfers in vivo.

PDTX in basic cancer research

Modeling tumor heterogeneity and clonal evolution

During tumor initiation and progression, cancer cells acquire
mutations/defects, which increase their oncogenic potential, ultimately
leading to unchecked growth and host evasion [34]. Along this process, a
multitude of individual clones may emerge, whose destiny largely relies
of the equilibrium between the cancer and compartments, which are
mutually influenced and continuously reshaped [23,35,36]. The highly
heterogeneous and dynamic nature of cancers is further complicated
by inter-tumor as well as intra-tumor heterogeneity [37,38]. The latter
is driven by both cellular (genomic and epigenomic heterogeneity) and
stromal interactions [39]. Clones evolve dynamically in space and time
following principles of Darwinian evolution, generating remarkable
features, such as drug resistance and metastasis. The existence of
intratumoral subclone diversity elucidates the enormous flexibility of
cancer cells in response to different stresses, including chemotherapy
[18,40,41]. This heterogeneity is largely lost when tumor cells are
propagated in vitro, a scenario that facilitates the emergence of few or
a single dominant clone that most efficiently fits to the new in vitro
conditions. This is epitomized by a recent study in which Daniel et
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al. have shown marked changes of critical protumorigenic pathways
(chemosensitivity, stromal interactions, and targeted therapies) in
cultured lines of small cell lung cancers compared to their parental
PDTX. Interestingly, these changes could not be reverted once the in
vitro propagated cells were re-implanted into mice. Instead, PDTX
retain the original tumor heterogeneity, thus allowing for clonal
dynamic studies [6,25,30,42-46]. Moreover, Eirew et al. used deep
genome and single cell sequencing methods to demonstrate an ongoing
clonal selection in both primary and metastatic breast tumors, with
the expansion of clones sharing recurrent patterns. However, in cases
undergoing a limited selection within the first passages, a subsequent
evolution did not occur. The authors went further to show that clonal
expansion patterns were reproducibly seen in independent grafts,
implying that the selection is a non-random process. This process
depends, however, on the mutation genotype (or epigenotype) that
defines each individual cancer as well as the mutual relationship with
the environment [47]. On the same line, Ebinger S. et al. have isolated a
subclone from PDTX derived from rare relapse-inducing cells of acute
lymphoblastic leukemia (ALL) that show dormancy, therapy resistance
and stem-like properties. By using single-cell RNASeq data, the
authors revealed substantial similarity with primary ALL cells isolated
from pediatric and adult patients at minimal residual disease (MRD)
[32]. Using this later approach, Kim et al. were able to demonstrate
a candidate tumor cell subgroup associated with anti-cancer drug
resistance in viable lung adenocarcinoma in PDTX [48]. Additionally,
Nguyen LV et al. have applied a DNA barcoding technology to track
the clonal evolution of breast PDTX. They demonstrated a continuing
diversity in the growth activities of the individual clones that contribute
to the combined exponential growth of tumors. Interestingly, the
extremely instable clonal landscape supports the hypothesis that clonal
expansion may be gained, lost or transiently arrested due to different
stimuli or stresses, providing an attractive explanation of the dormant
clones in vivo [49]. In conclusion, PDTX appear to be highly effective
models to dissect tumor heterogeneity, and this will eventually provide
critical data to a better understand the mechanisms underlying tumor
biology, drug resistance, and propagation of human cancers.

PDTX as a tool to explore microenvironment

In thelast decade, tumor microenvironment emerged as a key player
in tumorigenesis, and it now is widely considered a major hallmark
of cancers [50]. The tumor stroma comprises numerous cell types i.e.
endothelial cells, cancer-associated fibroblasts (CAFs), mesenchymal
stem cells, and immune cells (such as lymphocytes and tumor-
associated macrophages). Together with tumor cells, stromal elements
functionalize the malignant niche responsible for cancer growth,
survival and the development of resistance/relapsing phenotypes [50].
Understanding the mechanisms regulating host-cancer relationships
will be essential to design and test more effective therapeutic strategies.
Indeed, it is plausible that the poor clinical success of several therapies
may be largely due to the erroneous models (cell lines and cell line
xenografts) used in conventional drug discovery pipelines that do not
adequately account for the microenvironment.

The functional contribution of the stroma in PDTX is still quite
controversial. Tumor fragments used to establish PDTX models
contain tumor and stromal cells, as well as the extracellular matrix.
Human stroma is detectable in early passages, but it is completely
replaced along transplantations by mouse stroma [25,51]. In fact, recent
studies clearly demonstrated how murine cells functionally replaced
human stroma to recreate malignant niches closely mimicking the
original human tumor microenvironment. For example, Breakeveldt
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N et al. using neuroblastoma PDTX have reported that mice stroma
recapitulate the clinical hallmarks of original primary neuroblastomas,
such as the rich vascularization, macrophage infiltration, and CAF
and ECM composition. Moreover, the authors observed that patient-
derived endothelial cells could form blood vessels, although tumor
stroma was predominantly replaced with murine stroma [52]. On the
same line, Sansone P et al. have generated PDTX models of luminal
breast cancer and isolated cancer-associated fibroblast from hormonal
therapy resistant bone metastases. Through their analysis, they found
a new process of CAF-microvescicles mediated hormonal therapy
resistance [53]. By using next generation sequencing, it is now possible
to gain insights into the protumorigenic signals provided by the host
[54-56]. In fact, the bioinformatic deconvolution of mouse host reads
and human cancers allow for the generation of molecular signatures,
which are highly informative of the mechanisms sustained by the
cancer environment [57]. Collectively, this new knowledge provides a
deeper and more comprehensive understanding of the stroma’s role
in tumor progression, metastasis and the generation of therapy-related
resistant phenotypes.

Short term culture of Patient-derived tumor cells
(PDTC): Identification of tumor progression and drugs
resistance mechanisms

The inability of cancer cell lines to faithfully recapitulate inter
and intra tumor heterogeneity and their adaption to propagation in
vitro has strongly impaired our capability to study human cancers.
PDTX represents a promising clinical model to recapitulate the tumor
complexity. However, the extensive use of PDTX for multiple and
high-throughput studies may prove to be unfeasible considering the
enormous resources and costs required. Therefore, the optimization of
ex-vivo short-term culture conditions from primary PDTX represents
an invaluable source for insight into tumor mechanisms and to perform
informative high-throughput drug screening. Recently, Bruna A et al.
have generated 27 PDTC from different breast PDTX and demonstrated
that PDTC retained the same percentage of mouse stromal cells and the
molecular features of the original PDTX. They successfully used these
models as a predictive pre-clinical drug-screening platform and to test
drug combinations [58]. Furthermore, PDTC can be used to perform
co-culture studies or to study cancer stem cells as well as the molecular
mechanisms of transformation and drug resistance.

PDTX in translational cancer research

Forestall treatment failure: Classifier identification

In the last decade, the enhancement and diffusion of high-
throughput sequencing technologies has led to the annotation of the
genetic alterations and pathways in individual tumors, allowing for
the development of therapies based on the genetic makeup of each
individual cancer patient. This approach, once applied to patients, has
fostered the design and implementation of new molecular targeted
therapeutics to specifically shut down/block key drivers sustaining
tumor growth and progression. Although important improvements
have been achieved in this arena, the efficacy of anticancer treatments
is still largely linked to responses of individual patients. At present, no
reliable prediction can be forecasted for many cancers. Acquiring a
larger cohort of patient data is imperative to improve the reliability of
these predictors and take full advantage of PDTX models. Therefore,
the discovery of new predictive and prognostic biomarkers should be a
priority in cancer research, allowing patients stratification for specific
treatment protocols and to predict clinical compliance and quality of
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responses. Clinical specimens directly obtained from cancer patients
represent the best source for the identification of new predictors.
However, the difficulties involved in obtaining fresh primary samples
deeply impair the capacity to individuate new biomarkers. Because
PDTX largely retain the genetic and phenotypical features of original
tumors, they represent an ideal and versatile tool to facilitate the
identification of tumor specific classifiers [59]. Recent evidence reports
a high concordance between PDTX responses and human trials, in
particular regarding the discovery of biomarkers. Zembutsu et al.
conducted one of the first studies aimed to discover biomarkers from
PDTX in 2002. The authors used cDNA microarray technology to
define the gene expression profiles of 85 PDTX from 9 different tumor
types. This approach highlighted genes significantly associated with
positive responses for 9 anticancer drugs and 1578 genes were found
to correlate with at least one drug sensitivity, and 333 with different
combinations of two or more compounds [60]. More recently, Girotti
et al. established a large cohort of 91 melanoma PDTX. Using WES,
they integrated the data with ctDNA sequencing and PDTX functional
studies to describe a novel strategy for the stratification of naive patients
[61]. Alternatively, PDTX can be used to find protein biomarkers
related to drug response. Toward this end, Brown et al. have identified
in glioblastoma PDTX, and in corresponding primary tumors, a subset
of tumors with similar proteomic profiles carrying high levels of
PEGEFR, whose tumors were effectively targetable by a selective kinase
inhibitor [62]. Similarly, Richmond et al. have identified determinants
of therapeutics in ph-like-ALL using PDTX. They performed a global
gene expression profile of ALL-PDTX, 6 responders and 6 non-
responders, to birinapant (SMAC mimetic). Using this approach,
they found that the efficacy of birinapant strongly depends on TNFa
(or other inflammatory cytokines) expression, which could be used
as predictive biomarker for birinapant response in ALL patients
[63]. Since the capacity to positively engraft breast cancers into host
mice depends on the aggressiveness of the primary tumor, Moon et
al. were able to show a specific prognostic signature linked to TNBC
PDTX engraftment predicting patient survival [64]. Lastly, PDTX can
be used to find epigenetic biomarkers to predict patient response, as
demonstrated by the study of Gupta and colleagues who demonstrated
that the MGMT promoter hypermethylation predicts the efficacy of
Temozolomide plus a PARP inhibitor (Veliparib) in GBM PDTX [65].

PDTX models for drug discovery

One of the major issues in new drug development is linked to the
low success rate of developing effective new agents. The poor rate of
success of many drug discovery programs is likely due to the usage
of conventional preclinical models. Hence, the availability of more
informative preclinical models with higher predictive value is of major
interest. Itisanticipated that an improved drug discovery platform will
be highly beneficial in the design and successfully implementation of
phase II studies. For their intrinsic features, PDTX represent powerful
models to overcome some of the limitations of conventional cell lines.
Different studies have recently demonstrated that PDTX can faithfully
predict and recapitulate responses seen in clinical trials and can be
used for drug screening. With this goal in mind, Townsend et al. have
established alarge cohort of PDTX from a large number of leukemia and
lymphoma patients. These models were used to perform phase II-like
clinical trials, testing the efficacy of a new MDM?2 inhibitor (CGM097)
in B-ALL PDTX. CGMO097 conferred a prolonged survival in large
majority of PDTX (19/20) with WT p53, while it had a minimal effect in
p53 mutated B-ALLPDTX [66]. In solid tumor derived PDTX, Gao et al.,
having generated an extensive repository of ~1,000 PDTX, performed a
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large-scale screen demonstrating inter-patient response heterogeneity
applying a ‘one animal per model per treatment” approach. With this
new strategy, they successfully identified novel therapies that cell line
models failed to discover. Moreover, they were also able to confirm
that the responses of the PDTX closely mimic those seen in patients,
disproving the faithfulness of 2D models (i.e. anti-IGFR1). It plausible
that the discrepancies in drug responses between in vitro and in vivo
data may be due to interactions and protumorigenic signals of the host
[67]. Toward this end, Sugimoto and colleagues have demonstrated
that the co-culture of BLS4 fibroblast reticular mouse cell lines strongly
sustained PDTX primary cell viability, allowing an effective ex vivo
screening with a library of 2613 compounds. Interestingly, using this
approach the authors found a metabolic dependency and identify
a novel Achilles” heel of lymphoma cells which could be effectively
targeted by the pyruvinium pamoate (PP), an FDA-approved classical
anthelminthic compound, inhibiting glutathione-mediated pathways
[26]. In the recent years a plethora of studies have been clearly shown
the effectiveness of these models in many different arenas. Due to space
limitations we have discuss few of them but comprehensive discussion
of the topic have been reviewed buy several groups [41,68-73].

Collectively, these findings provide a strong rationale for the usage
of PDTX models within translational and drug discovery programs.
Lastly, having demonstrated that each individual tumor has a unique
property/phenotype, the construction of large PDTX repositories
should become a mandatory objective for the scientific community.
This will be only achieved if integrated agendas and international
efforts are established embracing both academic institutions and
private industries.

Limitations and challenges

The increasing knowledge in cancer biology has clearly pointed
out the limitation of many animal models and the necessity to take full
advantage of emerging technologies (i.e. genome editing, ultra deep
sequencing, single cell genomics, integrated omics etc.). Although
these approaches have opened new avenues in cancer biology, a
dedicated effort needs to place to create truly representative models
that fully describe/recapitulate the complexity of human cancer. PDTX
may answer some of these questions. Though PDTX represents a new
frontier to more comprehensively explore cancer oncology, multiple
limitations remain to be solved. Some of these are technical, such as
the high costs of experiments, dedicated infrastructures and specialized
personnel as well as the availability of primary samples and the frequent
long interval required for the emergence of successful PDTX lines.
Lastly, poor rates of engraftment remain a serious roadblock for many
types of human cancers (for example prostate, tumors bearing unique
genotypes, i.e. EGFR positive non small lung cancers). Another relevant
pitfall lies with the loss of intratumoral heterogeneity along serial
passages. Lastly, the absence of a functional immune system shaping
tumor progression and the emergence of spontaneous drug resistance
are well known confounding elements. One of the major limitations of
PDTX models is the necessity for highly immunocompromised hosts
to avoid graft versus host disease. This totally impairs the possibility
to use PDTX models for immunotherapeutic studies and approaches,
such as vaccines, immune modulators and activators. To overcome
this important issue, humanized mouse have recently emerged [74-79].
Different degrees of reconstitution have been applied, including the
simple injection of either heterologous or autologous peripheral blood
mononuclear cells or alternatively the transplant of CD34-positive
human hematopoietic cells. Although very promising, we are still
in the early infancy and many obstacles need to be surmounted. The
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generation of class I and I NSG strains and the application of editing
technologies should facilitate the generation of effective immune
reconstitutions and the creation of strains in which human genes
effectively replace their mouse counterparts.

to

In conclusion, PDTX have emerged as powerful new platforms
effectively probe a plethora of different questions in oncology.

Although several issues need to be overcome, these models provide an
invaluable opportunity to test and validate novel therapeutic strategies.
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