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Preface

While personalized or “precision” medicine is a major goal of cancer research, it
has largely been relegated to the static measurement of genomic features, due to the
inherent challenges of culturing tumors ex vivo. Recent major technological
advances, however, have facilitated the ability to sustain the growth of primary
tumor cells outside of the body, and to preserve and recapitulate features of the
tumor microenvironment. Thus, it is now increasingly possible to expose patient-
derived tumor samples to specific cancer therapies and measure responses to func-
tional perturbations. In recognition of the growing potential of these technologies to
advance the study of cancer biology and have a direct impact in the clinic, we felt it
important to address the current state of patient-derived tumor models as they relate
to the tumor microenvironment. We are thus pleased to provide Ex Vivo Engineering
of the Tumor Microenvironment as a timely and comprehensive overview.

We want to sincerely thank all of the authors for their dedication and their out-
standing contributions. We hope that you, as a reader, will enjoy this volume. A
special thanks also goes to all of our dedicated colleagues at the Dana-Farber Cancer
Institute who, with their tireless commitment toward cancer research, have become
crucial factors in encouraging us to edit this book. We would also like to thank our
families for their love and support. Finally, this work has ultimately been inspired
by cancer patients themselves, especially those that have touched our own lives. We
hope that by accelerating the development and application of these technologies,
the day draws near that every individual that encounters this awful disease is cured.

Boston, MA, USA Amir R. Aref, PhD
Fall 2016 David A. Barbie, MD
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Introduction to Ex Vivo Cancer Models

Russell W. Jenkins

The field of cancer research has largely been guided by a
reductionist focus on cancer cells and the genes within
them—a focus that has produced an extraordinary body of
knowledge. Looking forward in time, we believe that important
new inroads will come from regarding tumors as complex
tissues in which mutant cancer cells have conscripted and
subverted normal cell types to serve as active collaborators in
their neoplastic agenda. The interactions between the
genetically altered malignant cells and these supporting
coconspirators will prove critical to understanding cancer
pathogenesis and to the development of novel, effective
therapies.

—Hanahan and Weinberg, Cell 2000 [1]

1 Background: Opposing Views of the Cancer Universe

Cancer arises from acquired (and sometimes inherited) genetic changes in cells
giving rise to a clonal population of neoplastic cells. However, continued growth of
a tumor relies on recruitment and subversion of normal stromal elements [2]. In the
cell autonomous view of cancer, a tumor is viewed primarily as a genetic disorder
whereby a mutation (or series of mutations or other molecular changes) is sufficient
to give rise to the malignant state. Thereafter, signaling transduction pathways
become deranged, often in ‘oncogene addicted’ states that promote cell growth. In
such states, transcriptional programs are co-opted to promote immortalization,
resistance to cell senescence and apoptosis, escape of cell cycle checkpoints, pro-
motion of growth of feeding blood vessels (angiogenesis), and ultimately adoption
of an invasive and metastatic phenotype. This ‘reductionist’ view of cancer is in
keeping with the original six hallmarks of cancer as detailed by Hanahan and
Weinberg in 2000 [1]. This viewpoint is a useful construct and effectively

R.W. Jenkins (P<)

Department of Medical Oncology, Dana Farber Cancer Institute,
450 Brookline Avenue, Boston, MA 02215, USA

e-mail: rwjenkins @partners.org

© Springer International Publishing Switzerland 2017 1
AR. Aref, D. Barbie (eds.), Ex Vivo Engineering of the Tumor Microenvironment,
Cancer Drug Discovery and Development, DOI 10.1007/978-3-319-45397-2_1


mailto:rwjenkins@partners.org

2 R.W. Jenkins

synthesizes decades of groundbreaking research to characterize the impact of onco-
genic drivers and tumor suppressor genes in cancer cell biology.

The genomic era of medical oncology has arisen from the discovery that driver
mutations give rise to aberrant enzymes that promote cancer proliferation [1]. The
discovery of imatinib to target Ber-Abl in chronic myeloid leukemia (CML) is often
cited as marking the beginning of the genomic era [3]. Over the last decade the
mutational landscape of multiple tumor types has been evaluated, and several cancers
are now sub-categorized based on the presence or absence of specific/targetable
driver mutations [4, 5]. Prior to the advent of the molecular era of cancer therapy,
these genetically aberrant cancer cells were targeted by cytotoxic chemotherapies—
the mainstay of cancer treatment—designed to derail the growth of these immortal
cells. While some cancers (e.g. lymphoma, testicular cancer, certain forms of leuke-
mia) can be cured with chemotherapy, for most patients with advanced or metastatic
solid tumors (e.g. lung, breast, colon), the possibility of cure is unlikely and sys-
temic treatment with chemotherapy is used to prolong life by months or years and/
or for palliative purposes (i.e. to reduce symptoms).

Following the discovery that various molecular abnormalities (i.e. mutations,
translocations, amplifications) defined specific cancers or cancer subsets, designer
drugs have been developed to target the abnormal proteins encoded by these mutant
genes. This notion of personalized medicine has offered great hope that curing can-
cer would be a matter of identifying the molecular abnormality driving a given can-
cer, and then designing a drug to inhibit this oncogenic protein. Small molecule
tyrosine kinase inhibitors (e.g. imatinib for Bcr-Abl) and monoclonal antibodies
(trastuzumab for Her2-amplified breast cancer) are capable of disrupting down-
stream signaling pathways in ‘oncogene-addicted’ cells, thereby restricting cell
growth and/or inducing cell death, and improving patient survival [3]. Advances in
molecular biology and genome sequencing technology have made next generation
sequencing of patient tumor samples readily available at most academic medical
centers. These technological advances along with the development of multi-
institutional collaborative efforts such as The Cancer Genome Atlas continue to
expand our knowledge of the diversity of molecular abnormalities in multiple can-
cers. This model has led to the identification of various driver mutations in several
cancers, including EGFR mutations [6] and anaplastic lymphoma kinase (ALK)
rearrangements [7] in non-small cell lung cancer, and BRAF mutations in melanoma
[8], which now have FDA-approved small molecule inhibitors as first line therapies.
Additional non-oncogene vulnerabilities [9] exist allowing targeting of specific cells
lineages rather than genetic alterations. Such therapies include anti-CD20 monoclo-
nal antibodies (used in certain forms of lymphoma and leukemia) [10], as well as
Bruton’s tyrosine kinase (BTK) inhibitors and PI3K9 inhibitors, which have shown
dramatic efficacy in chronic lymphocytic leukemia (CLL) [11, 12].

Despite the promise of targeted therapies in certain molecular subsets of cancer,
clinical responses are often partial and/or short-lived [13]. While imatinib has
helped usher in the molecular era of cancer therapeutics, no targeted therapy has
been able to replicate the durable clinical responses seen in patients treated of
imatinib for chronic phase CML [3]. It is increasingly recognized that expanding



Introduction to Ex Vivo Cancer Models 3

tumors become heterogeneous over time with various sub-clones emerging, especially
under the selective pressure of targeted anti-cancer therapies [14—17]. Resistant
clones can arise via multiple mechanisms, including mutations in the target enzyme,
activation of bypass tracks, and gene amplification [18]. More recently, non-cell
autonomous mechanisms involving dynamic interactions between cancer cells and
non-neoplastic cells within the tumor microenvironment have been shown to foster
the emergence of resistant cancer cells [19-22].

The non-cell autonomous (i.e. heterotypic) view of cancer incorporates other cell
types into the cancer universe, and views cancer as a disease arising from complex
network of biological interactions among and between multiple cell types. A cancer
may arise from acquired somatic mutations, but these molecular alterations only
serve to set the conditions for cancer development [22]. And while the cell autono-
mous effects of tumor mutations influence the phenotype of only the cells harboring
those (epi)genetic changes, non-cell autonomous events are capable of influencing
interaction between multiple cell types within the tumor microenvironment. During
tumorigenesis there is a complex interplay between cancer cells and somatically
non-mutated stromal elements, including immune cells, fibroblasts, and endothelial
cells, and the sum of these interactions determines cancer growth and progression
[2, 4]. These interactions involve intercellular communication via autocrine or para-
crine signals, which can drive tumor growth [20, 21, 23] and resistance to anti-
cancer therapies [22, 24], enhanced vascularization, matrix remodeling, and other
pro-tumorigenic interactions within the tumor microenvironment. Many of these
factors promote continued tumor growth, or resistance to therapy, through recruit-
ment of stromal and immune cells that are co-opted and re-purposed to promote
(rather than restrict) tumor growth [25, 26]. Incorporating the contribution of these
non-cell autonomous effects into our view of cancer growth and response/resistance
to therapy may provide a more accurate view of the natural dynamics of cancer
growth in patients [4].

2 Preclinical Cancer Models: Of Mice and Men

Preclinical models are crucial for the study of cancer biology and for the rapid trans-
lation of key research findings into clinically useful therapies. Tools and techniques
to model and study cancer have continued to evolve over the past decade. Current
model systems include human-derived cancer cell lines and animal models of can-
cer. Cell culture using validated and standardized cancer cell lines has permitted
remarkable advances in our understanding of cancer biology and was essential to
usher in the molecular era of cancer investigation. Bolstered by animal, mostly
murine, models of cancer and advances in our understanding of the cancer genome,
there has been great hope that cancer could be cured simply by identifying the aberrant
gene(s) and matching the right drug to the right patient.

Cancer cell lines grow easily in simple media, are relatively easy to propagate
and genetically manipulate, grow readily on 2D culture surfaces, and can be used
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readily for drug screening, and can often grow in culture indefinitely [27]. Cancer
cells grown in two-dimensional (2D) culture have been widely used by cancer
biologists and pharmaceutical companies for routine drug screening and testing
given their homogeneity and relative ease of culturing. The ability to interrogate
multiple cell lines with dozens of drugs permits large-scale, high-throughput screen-
ing [28-32]. Large-scale characterization of dozens of cancer cell lines as part of a
cancer cell line encyclopedia (CCLE) has been described as yet another system to
model sensitivity of anti-cancer therapies using 2D culture of cancer cells [33].
Unfortunately, there are clear genetic, epigenetic, and transcriptional differences
between cultured cells and native tumors in vivo [34], and the relevance of cancer
cell lines as a model system to study complex cancer biology and for drug develop-
ment has been called into question [27, 35].

Establishment of a permanent cancer cell line is not a trivial task, with reported
success rates frequently less than 10 %. Even when a cell line is successfully estab-
lished investigation can be limited by the inherent absence of heterogeneity, inevi-
table genetic drift [27] leading to genetic and subsequently phenotypic instability
[36-38]. Furthermore, in vitro growth of cancer cell lines on a plastic substratum has
been shown to induce permanent changes in gene expression compared to growth as
growth following implantation in immunocompromised mice [39]. Taken together,
these issues raise fundamental questions about the ability of human cancer cell lines
in 2D culture to accurately predict clinical efficacy of anti-cancer therapies.

Animal models of cancer have provided important insights into cancer biology
that could not obtained from studying isolated cancer cell lines in vitro [40]. The
overwhelming majority of animal studies use the laboratory mouse (Mus musculus)
given the 99 % overlap in genes, and genome that can readily be manipulated and
engineered [41]. Mouse models of cancer include chemically induced carcinogen-
esis, xenografts, and genetically engineered models of cancer, all of which have
proven powerful tools to evaluate complex tumor biology in a living organism
[40, 42]. These mouse models have helped expand our understanding of cancer
biology within a living organism, but suffer several shortcomings. Mouse models
are expensive and labor intensive, and while they are able to recapitulate many fea-
tures seen in human tumors, they are ill suited for large scale high-throughput
screening of novel therapies.

Patient-derived xenografts (PDXs) represent a cancer model system whereby
patient-derived explanted tumor tissue is implanted in an immunodeficient (e.g.
athymic nude or NOD/SCID) mouse [43]. PDXs demonstrate improved genomic
stability compared to human cancer cell lines [44], but suffer a high rate of failed
implantation [45] and lack a functional immune system [46]. And despite the
genomic (and stromal) stability that has been demonstrated for early passage PDXs
(compared to in vitro growth) [39], concern remains regarding late genomic changes
and alterations in the stromal environment (e.g. altered murine vs. human fibro-
blasts and endothelial cells) [47]. Ectopic and orthotopic engraftment methods for
PDXs have been tested, with preference for orthotopic (same original anatomic site)
to more closely mimic the native tumor microenvironment [41, 48, 49]. But perhaps
most important is that conventional mouse models of cancer have failed to predict
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clinical efficacy of anti-cancer therapies in human clinical trials [30-32, 50, 51].
Such inconsistent results have led to the development of more sophisticated mouse
models (e.g. GEMMs, PDXs) as well as interest in “co-clinical trials” for parallel
evaluation of drug testing in humans and mice [41, 52].

Regardless of the model system used for pre-clinical drug development, testing
and validation, we must face the fact that only a small percent of patients with
advanced cancer have available targeted therapies currently [53]. The molecular era
has brought us the promise of personalized medicine to match ‘the right drug with
the right patient’ although 10 % or fewer of patients with cancer treated in the mod-
ern era will receive such ‘targeted’ treatments. And even for those patients treated
with targeted therapies, the benefit is often short-lived or partial. The limitations of
today’s therapies highlight the need not only for better therapies, capable of provid-
ing long-term, durable disease control, but also for better preclinical cancer models
that can provide a more clinically meaningful setting in which drug testing can
occur. Durable disease control with targeted agents may be feasible with the drugs
of tomorrow, but will require novel approaches to overcome the limitations of pre-
clinical drug testing today.

3 Current and Future Approaches to Evaluate the Tumor
Microenvironment

While the cell autonomous view of cancer has been essential to understand the con-
tributions of individual oncogenic drivers and tumor suppressors, tumor heteroge-
neity, resistance programs, and tumor microevolution, it fails to address the complex
interactions between these genetically abnormal cancer cells and the stromal com-
ponents that we will hereafter to refer to as the tumor microenvironment (TME) [54].
Tumors are not simply collections of growing neoplastic cells, but rather are com-
prised of a complex microenvironment consisting of cancer cells as well as stromal
and immune cells [55, 56]. The natural microenvironment in which tumors grow is
a mixture of neoplastic cells along with supporting stromal elements, including
immune cells, extracellular matrix (ECM), and blood and lymphatic vessels [57].
The interactions between multiple cell types, as well as interactions between cells
and acellular elements of the TME is a complex and dynamic process [4, 58]. There
is accumulating evidence that resistance to both targeted therapies and cytotoxic
chemotherapies results from complex interactions with in the tumor microenviron-
ment [59]. Roles for various stromal components in cancer progression (e.g. tumor-
associated macrophages, cancer-associated fibroblasts, cancer-associated
endothelial cells) have been described [4, 60, 61]. In recent years, the role of the
immune system in both promoting and restricting tumor growth has become a topic
of great interest [62, 63].

Oncology research is inherently translational given the goal of most (it not all)
cancer research, whether directly or indirectly, is to identify effective therapies for
patients suffering from cancer to improve quality of life (e.g. reduce symptoms),
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prolong life, or provide durable disease control or cure. The most widely used pre-
clinical cancer model systems (as detailed above) are human cancer cell lines grown
(in vitro) on artificial 2D surfaces and murine (in vivo) models. Due to the limited
ability of 2D culture of cancer cells to recapitulate relevant features of the TME, this
model system is less attractive, despite being a relatively easy and cost-effective
way to screen novel compounds. Additionally, given the importance of immuno-
therapy and immune checkpoint blockade as an emerging treatment modality to
several cancer types, 2D growth of cancer cells is unable to address the involvement
of the immune system in controlling tumor growth. Immunocompromised and
immune-competent murine models exist, and can be employed to address the
requirement for a functional immune system in the response to a given therapy.
However, mouse models are time and labor-intensive, and quite costly and therefore
often cost-prohibitive. Given the failure of most new drugs to provide substantial
clinical benefit in phase III clinical testing, it has been suggested the failure of these
investigational therapies may result (at least in part) from failure of preclinical mod-
els to faithfully recapitulate human tumor biology [64], highlighting the need for
new model systems.

Novel in vitro, ex vivo and in vivo cancer model systems have been developed
recently with the goal of creating more relevant systems in which to study basic
features of tumorigenesis, and to screen and test anti-cancer therapies [29].
Organoids [65], organotypic cultures [66, 67], circulating tumor cell-derived
explants [68—71], and other ex vivo models using patient-derived tissue all have
been suggested to serve as more clinically relevant model systems, to develop per-
sonalized (tailored) treatment approaches [29, 72, 73].

Circulating tumor cells (CTCs) represent a very exciting modality to study the
biology of cancer of dissemination and metastasis, but given their relative ease of
collection from peripheral blood, there is great promise for functional evaluation of
ex vivo drug response [69, 71, 74]. CTCs appear to grow better in suspension (as
opposed to standard adherent culture), suggesting these cells exhibit biological fea-
tures distinct from non-circulating cancer cells. Advances in microfluidic technol-
ogy has offered another method for collection and study of CTCs, and there has
been intense effort to scale up this technology for high-throughput analysis of drug
libraries [74, 75]. However, while CTCs are clearly a very exciting source of
patient-derived tissue, it can take months for the initial sample (often <100 cells) to
be propagated in order to have sufficient cell numbers for such screening tests.
Additionally, CTC cultures cannot currently address non-cell autonomous effects,
given that only tumor cells are expanded and evaluated.

Conditional reprogramming (CR) technology, another method of propagating
and manipulating patient-derived tumor samples ex vivo, involves growth of tumor
samples in growth factor enriched media, an irradiated fibroblast feeder layer, and
an inhibitor of Rho-associated protein kinase to induce an epigenetic state change
[76, 77]. CR technology has been used to demonstrate the development of resis-
tance to targeted therapies ex vivo using patient-derived samples, and also permitted
identification of novel resistance mechanisms [78]. While this technology incorpo-
rates patient-derived tissue into an engineered system to assess the long-term effects
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of drug exposure ex vivo, this system is still a 2D culture system that lacks an
immune system. While likely an effective system for studying cell autonomous
resistance to targeted agents, this system would require further adaptation to suc-
cessfully model the native TME.

Organoids are human tissue surrogates derived from primary tissue (or stem
cells) grown in vitro as a 3D multicellular clusters that are capable of self-
organization and self-renewal [79]. They are generated by exposure of resected
tumor tissue or biopsy samples to stem cell maintenance factors. To date, the great-
est experience with cancer organoids has been limited to intestinally derived tumor
types (e.g. colorectal cancer [80]), but more recently organoids have been generated
from other cancer types, including prostate cancer [81] and pancreatic cancer [82].
Additionally, organoids are essentially pure epithelial cultures and lack a tumor
stroma, vasculature, and immune cells, although involve interaction with a base-
ment membrane (typically Matrigel®). Nevertheless, they provide a powerful tool to
study early steps in carcinogenesis, interactions between normal epithelial cells and
neoplastic cells, the role of cancer stem cells. Future studies will be needed to
expand this technology to other cancer types and establish a broad collection of
organoids for multiple cancer types that can be evaluated more extensively.

Organotypic cultures attempt to maintain the native stroma and tumor heteroge-
neity that is lacking in organoid culture systems, given both intra-patient tumor
heterogeneity (“micro-diversity””) and tumor-stromal interactions can influence can-
cer behavior and response to therapy [83, 84]. Such systems have included co-
culture with multiple patient-derived cells lines, as well as culture of tumor slices
using special culture plates and conditions [67] and heterogeneous tumor-derived
spheroids (or “microspheroids”) prepared by brief enzymatic and physical dissocia-
tion [73]. Multicellular tumor spheroids are aggregates of cancer cells that grow in
3D that more closely represent in vivo features of the tumor microenvironment [85].
Such systems that preserve the native TME can be used to profile ex vivo drug
responses [72], and could be further adapted to study tumor-immune cells interac-
tions in the TME [86].

Novel three-dimensional (3D) cancer model systems have been developed to
provide a more realistic growth environment for cancer cells, often times with a
model extracellular matrix [55]. Dynamic testing of drug sensitivity of cancer cells
grown in 3D culture is emerging as an alternative to traditional 2D cell culture drug
testing [87]. Drug sensitivity differs between cancer cell lines grown in 2D com-
pared with cells or spheroids 3D continues to suggest that 3D culture systems may
provide a more physiologically relevant system [88].

4 Opportunities and Future Directions

One of the greatest unmet needs in cancer biology is a model system to study inter-
actions between tumor cells and the immune system [86], especially using primary
human tumor samples. Decreased recognition by cytotoxic T lymphocytes,
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resistance to interferons, and impaired function of dendritic cells by tumor cells
grown in 3D [89, 90] suggest that evaluation of interactions between cancer cells
and the innate and adaptive immune systems in a 3D environment more closely
represents the native environment in human tumors. This is a major limitation at
present, but also represents an opportunity to engineer the next generation of ex vivo
cancer model systems. The immune system has been shown to promote and restrict
the growth of human cancers [91], but in recent years the activity of immune check-
point inhibitory monoclonal antibodies targeting PD-1 and CTLA-4 has trans-
formed the landscape of anti-cancer treatment options [63, 92]. Given the importance
of the TME in influencing immune interactions, it is likely that the next generation
of immune therapies will build on our understanding of immune stimulatory and
inhibitory pathways to develop novel combination therapies to provide durable dis-
ease control to more and more patients [93]. In the meantime, existing ex vivo can-
cer models will continue to expand our knowledge of cancer biology with the hope
of providing effective therapies to patients in need.
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1 Introduction

Cancer is among the leading causes of death worldwide. In 2012, approximately 14
million new cases and about eight million cancer-related deaths were reported. In
the United States, it is estimated that approximately 1,685,210 new cases of cancer
will be diagnosed and 595,690 people will die from the disease (www.cancer.gov).
Scientists for many years have been investigating cancer biology in an attempt to
understand its development, mechanisms of progression and identify therapeutic
agents to treat malignancies arising from various tissues. Animal models have long
been used to investigate cancer biology providing an avenue to explore therapeutic
efficacy of anti-cancer drugs and/or contribution of the immune system to tumor
immunity. There are many models, ranging from in vitro culture systems utilizing
human cell lines, to genetically engineered mouse models harboring specific genetic
alterations, to mouse allograft models, to patient-derived xenograft (PDX) models.
These existing investigational platforms vary in terms of their potential to recapitu-
late cancer biology as seen in patients [1, 2].

1.1 Generation of PDX Models (PDX Defined)

Patient-derived xenografts as the name suggests (PDX) encompasses the process of
developing and maintaining (tumor) tissue obtained from a cancer patient an which is
introduced into a secondary recipient host such as immunodeficient mice or rats typi-
cally by direct implantation of the human tumor cells. The source of tumor cells could
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be cell lines derived from human tumors after repeated cultures in vitro, fresh human
tumor tissue obtained during re-sectioning surgery or biopsy either from primary site
or metastatic lesions, tumor cells collected from malignant ascites or from blood, or
tumor cell suspension after disaggregating the whole tumor. In the case of whole intact
tumor tissue, this is often cut into small pieces of about 3-8 mm? prior to implantation.
Upon engraftment of tumors in the first cohort (often termed Fy) of recipient mice, the
growing tumors are removed and serially grafted onto another cohort over several pas-
sages (from F;--- to F,). Use of patient undissociated tumor specimen is considered to
be superior in terms of overall tumor engraftment rate or “tumor take,” an observation
that could be attributed to the preservation of the tumor architecture and clonal popula-
tion within the tumor [3]. Engraftment rates vary considerably between different mod-
els and different cancer types ranging from 25 to 100 % [3]. Section 1.1.1 provides a
general step-wise protocol for developing a standard PDX in immunodeficient NSG
mice using fresh human cancer specimen and Fig. 1 provides a simplistic pictorial
explanation of the basic process involved in establishing a PDX model.

Recipient mice commonly used in PDX models are the athymic nude which lack
T cells but still have quantifiable adaptive immune system. More stringent than nude
mice are the SCID and RAG2 knock out (KO) mice which are generally devoid of
lymphocytes that make up the bulk of the adaptive immune system. With the

Cancer patient

Fo Fy In vivo studies
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= TOR §]
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Fig. 1 Patient-derived xenograft establishment, propagation, and utility. Tumor specimen
obtained from consented cancer patient undergoing surgery or biopsy is implanted unfragmented
or dissociated into cell suspension and subsequently implanted either heterotopically or orthotopi-
cally into immunodeficient mice. Upon engraftment, tumor is excised surgically from the first
cohort of recipient mice (F;) and serially propagated over a number of passages in vivo (F,....Fn).
Tumor growth properties including engraftment rate and metastasis are evaluated often as part of
drug screening and efficacy evaluation studies. Well established tumor grafts can be harvested for
ex-vivo studies including immunohistochemistry, H&E staining, genomic studies, DNA and RNA
sequencing, and proteomics
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demonstrated contribution of NK cells to tumor immunity [4], other models lacking
these cells such as the NOD.SCID and NOD.SCID IL-2Ry KO mice have provided
in vivo models considered to be most immunodeficient so far [5—7]. These mice are
increasingly being used in both academic and industry-based drug research settings
to conduct drug evaluation studies against cancer cells in PDX models. The benefits
of these super immunodeficient mice is that they allow for greater tumor engraft-
ment rates ranging from 90 to 100 % and are particularly useful for tumors that are
difficult to engraft and tumor-associated leukocyte subsets such as effector memory
cells can persist in these hosts for up to 9 weeks after tumor implantation thereby
allowing for studying tumor-immune cell cross talks [8].

How PDX implantation is performed differs from cancer types and/or sub-types.
Specifically, site of implantation varies and can be heterotopic or orthotopic. Orthotopic
simply means implantation at the tissue corresponding to that from which the tumor
developed in a patient thereby allowing for studying the behavior of the tumor in its
“natural” environment. Heterotopic on the other hand, is any site other than the ortho-
topic location such as sub-cutaneous (s.c.) or under the renal capsule (sub-renal). The
sub-renal implantation method is generally considered better than s.c. transplant model
which is typically performed on the dorsal side of the mouse for a number of reasons:
(a) engraftment rate is better and tumor architecture is better preserved, (b) most
tumor-associated stroma is present at least initially, and most importantly, (c) the tumor
genotype and phenotype is closer to the original tumor than tumor of s.c. PDX tumor.
The choice of implantation site differs based on cancer types and/or sub-types and var-
ies by investigator. Thus, the tissue of interest could be implanted either sub-cutane-
ously, sub-renally, or orthotopically. While the former is easier to perform from a
technical standpoint, the growth behavior of the implanted tumor may mirror that seen
in the patient less well than the orthotopic approach. This would especially be critical
for cancer types which derive additional support from the native surrounding tissue.

The number of passages that implanted tumors undergo is also critical to the
architecture and overall biology of the cancer cells. It is generally recommended not
exceed 5-6 passages as changes in gene expression pattern, gene copy numbers, and
chromosomal stability may be altered considerably enough to change the morphol-
ogy and genetic landscape of the grafts making these parameters divergent from the
parental tumor [9-15]. As demonstrated in a number of reports, at low passages,
gene expression profiles, histology, and chromosomal stability do not change con-
siderably between the tumor graft and the parent tumor [16-19]. However, the pos-
sibility exists that divergent changes may occur with increasing passages and this
may be dependent on cancer type/sub-type and genotype. For instance, unlike
colorectal PDX tumors with wild type p53 gene, those harboring mutant p53 gene
underwent considerable chromosomal changes after several passages [17]. In con-
trast, genomic alterations were infrequent in a breast cancer PDX model upon pas-
sages spanning 2 ¥2 years [19]. While pancreatic PDX models passaged for up to 39
times revealed only modest genetic alterations [20]. In general, early passage tumors
are used for drug treatment studies and there is no cut-off point per say as to which
passage is most ideal. For the most part, the general consensus is that the less
divergent the PDX tumor is in terms of histology and genetic landscape, the better
for ascertaining its clinical relevance.
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There are a number of other manipulations that can be performed to the input
specimen prior to implantation depending on the aim of the study and endpoints. For
example, small tumor pieces or single-cell suspensions can be mixed or coated with
matrigel before performing the tissue graft. Other variations of standard PDX include
mixing the tumor preparation with cells such as human fibroblasts, mesenchymal
stem cells, etc. in an attempt to provide accompanying stromal components of human
origin. Regardless of the PDX variation employed, the factors discussed above cou-
pled with tumor type and precision of implantation are considerations that could
impact the success of a PDX system and the overall behavior of engrafted tumor.

1.1.1 Materials

e Freshly excised tumor specimens, removed from a patient and stored in
RPMI1640/1 % penicillin-streptomycin (Invitrogen 11875-093/15070-063) in a
50-ml conical tube at 4 °C for less than 24 h

* Optional; matrigel basement membrane matrix (BD Biosciences, 356237)

e NSG female mice at 4-6 weeks old (The Jackson Laboratory, 005557)

* Biosafety hood

» Ketamine/xylazine/saline mixture (20:2.5:77.5, v/v/v)

e Buprenorphine (Buprenex, 0.3 mg/ml)

* 0.9 % sodium chloride (BD Biosciences, 306500)

e Hair remover lotion (Pharmacy store)

e Individually wrapped alcohol wipes/sterile gauze pads/cotton swab/10%
povidone-iodine

o Sterile surgical instruments, including micro dissecting scissors 4.5-in. straight
sharp (Roboz, RS-5916)/castroviejo micro dissecting spring scissors (Roboz,
RS-5658SC)/p dissecting forceps, serrated, full curve (Roboz, RS-5138)/p dis-
secting forceps, straight, fine sharp tips (Roboz, RS-5090)/wound clip applier,
9 mm (Roboz, RS-9260)/wound clips, 9 mm (Roboz, RS-9265)/wound clip
remover (Roboz, RS-9263)

o Sterile tissue culture instruments, including 100-mm Petri dishes/50-ml conical
tubes/2-ml microcentrifuge tubes

e Instruments for mouse identification

* Freezing instruments, including freezing medium (90% FBS/10% DMSO,
chilled)/2 ml cryovials (VWR 89094-806)/slower freezing chamber (Nalgene,
5100-0001)

1.1.2 Surgical Implantation Process

1. Wash the tumor sample with ~30 ml of ice-cold RPMI1640/1 % penicillin-
streptomycin.

2. Transfer the tumor specimen into a 100-mm Petri dish, cut off cystic or necrotic
part of the tumor, and wash the tumor specimen with ice-cold RPMI11640/1 %
penicillin-streptomycin.
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. Cut the tumor specimen into about 2x2x2 mm fragments, and then wash the

tumor pieces gently with ice-cold RPMI1640/1 % penicillin-streptomycin.
Optional; place a 2-ml microcentrifuge tube in ice, add 1-ml matrigel, and then
further add the cut-small tumor pieces into the tube (make sure all tumor pieces
are covered by matrigel) for minimum of 10 min.

. Weigh a NSG mouse and anesthetize it with ketamine/xylazine/saline mixture

(20/2.5/77.5, vivlv) at 10 pl/g of body weight by intraperitoneal (i.p.)
injection.

Dilute buprenorphine 1:10 in sterile saline and inject subcutaneously in the
loose skin around the neck and shoulder area at 100 pl/mouse.

. Apply hair remover lotion to the lower back of mice, wait for 15 min, and then

wipe the hair off with gauze pads.

Wipe the nude skin area with 10 % povidone-iodine followed with sterilization
using alcohol wipes.

Using surgical scissors, make a 1-1.5 cm vertical incision on the right flank
skin, insert straight forceps into the incision up to ~2 cm, and then spread the
skin to create a pocket between the skin and the overlying muscle tissue.
Using straight forceps, extract a piece of tumor fragment from microcentrifuge
tube in which tumor pieces were collected, insert the tumor piece into the inci-
sion, and then gently push the tumor further in the pocket. The tumor pieces in
this step may be retrieved already coated with matrigel if this was added into
the microcentrifuge tube.

Close the skin with metallic staples, wipe the incision site with sterile gauze,
Repeat steps 7—11 on the left flank skin.

Number the mice and then put them back in their cages.

Repeat steps 5—13 for more NSG mice. This gives the first cohort F,,.

Add the surgery date to your original cage card

Check the mice daily and remove wound staples 7-days after surgery.

Monitor tumor engraftment (tumor take) and growth weekly, and prepare to
passage it into new mice when the tumor reaches ~10 mm in diameter. It may
take 1—-12 months for primary tissue to engraft and grow in recipient mice.
Euthanize tumor-bearing mice, wipe mouse skin over the tumor with alcohol
wipes, surgically remove the skin and surrounding interstitial tissue from the
tumor, and then remove the tumor mass from the mouse.

See step 1-14 to set up the second cohort F;. Usually 1-3 generations of trans-
plantation may be required to establish a stable mouse line.

Flash-freeze several tumor pieces for biological analyses.

If there are excess specimens of original tumor or tumor grafts, transfer them
into chilled cryovials containing 1.5 ml freezing medium, cap the vials and
invert several times, and then place the vials into a slow-freezing chamber such
as Mr. Frosty. Immediately place the chamber in a —80 °C freezer for 24 h and
then transfer to liquid nitrogen for long-term storage.
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1.1.3 Commercial Resources

As the establishment of PDX studies is cumbersome and requires experience in this
approach, commercial companies and other contract research organizations which
develop and maintain PDX models world-wide are available. Some of these are
listed below:

Aveo Oncology http://www.aveooncology.com (Cambridge, Massachusetts, USA),

Charles River Laboratories http://www.criver.com (Wilmington, Massachusetts,
USA),

The Jackson Laboratory https://www.jax.org (Bar Harbor, Maine, USA)

Champions Oncology https://championsoncology.com (Hackensack, New Jersey,
USA),

GenScript http://www.genscript.com (Piscataway, New Jersey, USA),

AJES LifeSciences, LLC http://www.ajeslifesciences.com/ (Stony Brook, NY,
USA)

Taconic http://www.taconic.com (Hudson, New York, USA)

SAGE Research Labs https://www.horizondiscovery.com (St. Louis, MO, USA)

Crownbio http://www.crownbio.com (Santa Clara, California, USA),

Molecular Response Therapeutics http://molecularresponse.com (San Diego,
California, USA)

Living Tumor Laboratory http://www.livingtumorcentre.com (Vancouver, British
Columbia, Canada)

Pharmaron http://www.pharmaron.com (Beijing, China)

WuXi AppTec http://www.wuxiapptec.com (Shanghai, China)

Oncodesign http://www.oncodesign.com (Dijon Cedex, France)

Urolead http://www.urolead.com (Strasbourg, France)

Urosphere http://www.urosphere.com (Toulouse, France)

XenTech http://www.xentech.eu (Paris, France)

Experimental Pharmacology and Oncology http://www.epo-berlin.com (Berlin-
Buch, Germany)

Oncotest http://www.oncotest.com (Freiburg, Germany)

Deshpande Laboratories http://www.deshpandelab.com (Bhopal, Madhya Pradesh,
India)

1.2 Other Considerations in PDX Models
1.2.1 Cell Lines Versus Intact Tumor Specimen

In vitro-generated human tumor cell lines are often derived from advanced
tumors or poorly differentiated neoplasms. Due to the ease of manipulation, cell
lines are commonly used for PDX testing platforms in biopharmaceutical com-
panies. However, selective pressure from cell culture often generates tumor cell
population likely arising from least differentiated cells. This may result in a loss


http://www.aveooncology.com/
http://www.criver.com/
https://www.jax.org/
https://championsoncology.com/
http://www.genscript.com/
http://www.ajeslifesciences.com/
http://www.taconic.com/
https://www.horizondiscovery.com/
http://www.crownbio.com/
http://molecularresponse.com/
http://www.livingtumorcentre.com/
http://www.pharmaron.com/
http://www.wuxiapptec.com/
http://www.oncodesign.com/
http://www.urolead.com/
http://www.urosphere.com/
http://www.xentech.eu/
http://www.epo-berlin.com/
http://www.oncotest.com/
http://www.deshpandelab.com/

Patient-Derived Xenografts in Oncology 19

of important biological properties relative to the parent tumor. Secondly, cell
lines have the disadvantage that this selective pressure often results in loss of
some clones under the in vitro growth condition. Thus, many cell lines may lose
the intra-tumor heterogeneity present in the primary tumor and do not represent
the inter-tumor heterogeneity found among different patients. PDX models uti-
lizing whole tumor cell preparation either intact or as cell suspension, however,
do maintain the architecture, morphology, and histology of the original tumor,
hence are closer to providing a more accurate picture of the primary tumor. This
allows in principle for investigating different cancers hence capturing the diver-
sity that exists among different sub-type. Furthermore, the cells have adapted to
growth in vitro that is different from the natural tumor environment from which
they were derived. Adding to this is the observation that genetic mutations do
arise as a result of selective pressure in vitro that are distinct from those seen in
the patient [21]. For these reasons, mouse xenograft models of human cell lines
often have poor predictive value for translating therapeutics of interest to the
clinic. While information garnered from their use can say something about drug
efficacy in the immunodeficient mice, in many cases, these models only partially
predict efficacy in the clinic and in some cases, the PDX data was largely discor-
dant from the clinical trial built upon them [22]. In this regard, PDX models of
intact tumor specimen or tumor cell suspension is superior in terms of recapitu-
lating the growth and histopathological features/characteristics of the original
patient tumor.

Because of the homogeneity often associated with the tumor cell population in
cell lines, they lack primary host-derived stroma. Primary tumor PDX models, on
the other hand, have intact stroma, hence, they are an ideal platform to study tumor—
stroma interactions. Furthermore, PDX of primacy tumor sample at least in the ini-
tial in vivo passage phase generally bear close resemblance in terms of genetic/
genomic landscape and overall physiology when compared with the tumors of
patients from which the PDX were derived [3, 19]. In the same vein, histology/
morphology [21, 23], transcriptome [22] copy number variations [24], and clonal
evolution [25, 26] are often not divergent.

While cell lines, intact tumor tissue or dissociated into cell suspension are the
more common forms used for implantation, patient cancer biopsy or specimen can
be manipulated in other forms prior to implantation. For example, spheroids have
been used in some studies. This is essentially a piece of the tumor tissue that is
enzymatically digested and grown in specialized chambers with growth medium
prior to implantation. This reduces the vigorous manipulation that is typically asso-
ciated with single cell suspension preparations [27]. Spheroids retain the histology
and genetic pattern of parent tumor and likely preserve the tumor-initiating cells.
Another option is to sort (tumor cells) from the disaggregated malignant tissue by
FACS based on phenotypic expression of relevant cell surface markers. This
approach is particularly useful when studies are focused on understanding contribu-
tions of certain sub-populations to tumorigenesis such as cancer stem cells, or
metastasis such as tumor-propagating cells, etc.
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1.2.2 Heterotopic Versus Orthotopic PDX Models

Orthotopic models are generally considered more accurate in terms of histology and
gene expression profile between primary tumor and implanted tumor possibly due
to effects of the microenvironment. Heterotopic implantation such as sub-cutaneous
route, on the other hand, has been shown to produce tumors with growth properties
different from orthotopic models, hence may be divergent from what might be seen
in a patient [28, 29]. In this regard, they are thought to be better predictors of patient
response to drugs compared to heterotopic implantation models. Most s.c. tumors
do not metastasize and may be poor models to study highly aggressive tumors with
metastatic potential in humans. As demonstrated by others, most s.c. tumor implan-
tations exhibit a rather benign behavior with growth being confined mostly to the
local area of implantation [30]. While metastasis is more permissive in orthotopic
models, the form in which the tissue is grafted also impacts level of metastasis. For
instance, use of tumors disaggregated into cell suspensions or cell lines often yields
low frequencies of metastasis [31]. The downside to orthotopic models is that they
are time consuming, and may require imaging techniques to confirm successful
implantation as well as tumor growth.

1.3 Humanized PDX Models

Given the lack of an intact immune system in the immuno-deficient recipients mice
often used in PDX models, they are not suitable for evaluating stroma—tumor inter-
actions and contribution of immune cells which are now being appreciated as key to
shaping the course of tumor growth and progression. To circumvent this challenge,
immunodeficient mice such as NOD.SCID mice are now being reconstituted with
bone marrow or peripheral blood cells along with the patient tumor implant [32].
This approach allows for generation of what is now termed “humanized” xenograft
models. These humanized mice provide a valuable platform for studying how the
xenogeneic immune cells recruited to the human tumor contribute to the overall
anti-tumor immunity. In addition, immunotherapy drugs aimed at mobilizing the
effector arm of the immune system can be studied using these models. A key issue
that remains unresolved is to what extent the phenotype and function of the human
immune cells transferred into the murine environment recapitulate the response of
equivalent cells in their primary human host. One might speculate potential reactiv-
ity that are driven by human cells recognizing mouse tissue as foreign (not driven
by the tumor milieu) may be erroneously interpreted as anti-tumor response espe-
cially with ex-vivo assays that attempt to test effector function of T lymphocytes
derived from these models using T cell receptor-independent stimulators such as
PMA and Ionomycin. There is also the potential graft versus host disease which
may develop over time but this can be largely mitigated by keeping the experimental
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set up and analysis to a reasonable time frame of 6-10 weeks. As more and more
investigators are utilizing this platform as “wholistic” approach to studying tumor
biology in concert with associated stroma, efforts are underway to improve these
models and apply them to various human cancer types. Currently, there are a num-
ber of humanized models mostly for hematologic malignancies such as lymphoblas-
tic leukemia and acute myeloid leukemia [33].

1.4 History of PDX Models

The first PDX was performed by Rygaard and Povlsen when they implanted sub-
cutaneously, a colon cancer specimen from a 71-year-old patient into nude mice
which lack T cells. The tumor was reported to have grown as several nodules in the
implanted area and exhibited a well differentiated adenocarcinoma histology, simi-
lar to that of the patient [34]. PDX performed today are not substantially different
from that performed by Rygaard and colleagues [34]. PDX models have been under
investigation for several decades with improvements with each succeeding decade.
Some of these improvements come from the recipient mice used for the human tis-
sue grafting. Although the use of athymic nude mice has been widespread, newer
and more stringent immuno-deficient mice such as NOD.SCID and NOG/NSG
mice are gaining traction in their utility especially in experimental settings involv-
ing co-implantation of tumor and other cell types.

In a seminal study, Wang and Sordat injected colon cancer cell suspensions into
the descending region of the large intestine of nude mice. In this study, local tumor
growth as well as metastasis was observed [29]. This was among the first cases of
orthotopic implantation as opposed to heterotopic. Hoffman and colleagues were
(also) among the pioneers of the orthotopic implantation of intact tumor tissue [35].
Their colon cancer orthotopic PDX model demonstrated robust tumor growth and
metastasis. Since then, myriads of various PDX have been conducted in colon, pan-
creatic, breast, ovarian, lung, head and neck, and stomach cancers [28, 35-40]. The
metastatic behavior of these orthotopic tumor grafts seems to be highly concordant
with metastatic lesions that developed in patients [28]. In the case of stomach can-
cer, the primary tumor spread to the peritoneal region and the liver in some patients,
an observation that was reproduced when the tumor tissue was placed in mice in
PDX studies [28]. Similarly, PDX model of HER2+ cervical cancer was described
by Hoffman and colleagues with multi-tissue invasion including lung, liver, perito-
neal, and lymph node metastasis in nude mice which reflected the pattern associated
with the patient’s tumor [32]. Lastly, the efforts of Fidler and co. is thought to be
among several key ones that brought some spotlight and interest in the orthotopic
tumor models [31].
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1.5 Importance of PDX Models

Animal models are invaluable tools for evaluating efficacy, potential toxicity, and
side effects of drugs before considering applicability to clinic. PDX models are well
suited for this purpose providing an investigational platform to study tumor biology
with pre-clinical and translational relevance. Because of their close recapitulation of
primary tumors, they allow for investigating tumor biology including cell differen-
tiation, cell death, morphology, architecture, genotype, phenotype, cellular and
molecular features associated with tumor growth. As for drug screening, PDX mod-
els also offers opportunities to identify biomarkers of drug response/sensitivity pro-
viding opportunities for identification of new targets. To a limited extent, they are
also of value in pharmacokinetic/pharmacodynamic studies, toxicity studies, and
establishing or predicting tolerable dose range at which tumor cells might become
sensitive to potential anti-cancer drugs. While PDX models are a great tool for
oncology research particularly for pre-clinical efficacy studies, they are often cost
and labor intensive. (The formation of) consortia such as the Center of Resource for
Experimental Models of Cancer (CreMec), the Translational Proof-of-Concept con-
sortia TransPoc) and the Euro PDX consortium have mechanisms in place to facili-
tate collaborative research built on PDX models and should be instrumental in
making these models of wider application in oncology at reasonable costs.

2 PDX in Various Cancer Types

2.1 Colorectal Cancer

Several investigators have utilized PDX models as platforms to study molecular and
genotypic features of colorectal cancer (CRC) [41-44]. Propagation of the tumors
in vivo has been conducted with as many as 14 passages as tumor engraftment rate
is considered good (at least 70 %) in these models [43]. PDX models are also gain-
ing usefulness in uncovering pathways that may contribute to tumor resistance to
drugs. In a CRC study, PDX were treated with cetuximab, an EGFR inhibitor.
Assessment of mutation status and gene expression profiling was used to predict
sensitivity and response to cetuximab. Mutations in KRAS, NRAS, BRAF and acti-
vated MET or low EGFR were assocciated with decreased response. Furthermore,
MET activation was considered key mechanism contributing to resistance to cetux-
imab [45]. In a retrospective study, resistance to cetuximab was predicted based on
presence of KRAS, NRAS, BRAF mutations while HER2 amplification appeared to
confer resistance in tumors without these mutations demonstrating the utility of
PDX models in deciphering molecular mechanisms that may be engaged by tumor
cells to circumvent drug efficacy. These studies highlight how data generated from
PDX analyses could inform design of treatment regimen to complement or replace
existing ones for effective management of cancer sub-types in which such
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mechanisms are dominant. As data emerge demonstrating that refractoriness to
certain drugs may be in part due to tumor-initiating cancer stem cells, evaluating
their distribution within tumors could shed some light on how well as particular
sub-type might respond to therapy. Indeed, PDX using patient colorectal cancer tis-
sue was utilized in this context to describe a subset of cancer stem cells [46].

2.2 Pancreatic Cancer

In pancreatic cancer, both cell lines and patient tumor tissue have been used as xeno-
grafts. Heavy desmoplasia is a common feature in prostate cancer and one that has
implications for drug pharmacokinetics. As cell lines PDX may have less associated
stroma compared to whole tissue grafts, results of drug efficacy studies need to be
interpreted with caution as they may not mirror drug penetrance in whole tumor
xenograft which is often associated with heavy stroma arising from desmoplasia. A
number of early studies were conducted in an attempt to identify molecular signa-
tures that could serve as predictive biomarkers [47]. In one study, high basal expres-
sion of p70 S6 Kinase was identified as a biomarker predictive of patient’s response
to mTOR inhibitor treatment [48]. The results from patients, however, were not in
alignment with this prediction. By using tumor biopsies and ex-vivo assays to screen
for drug efficacies, another pancreatic ductal adenocarcinoma PDX study was able to
identify cyclin B1 as a biomarker of response associated with tumor cell growth
inhibition by a polo-like kinase inhibitor especially in gemcitabine-refractory pan-
creatic cancer cells [49]. The use of PDX models as surrogates or xenopatients is also
another avenue that has been explored in a number of tumor models including pan-
creatic cancer. Patient tumor sample is propagated in vivo and tested against a panel
of promising agents with the aim of finding regimen that will most likely yield objec-
tive response in the patient as informed by the xenograft studies. This approach was
explored in a patient whose tumor had PALB2 mutation. Information from genomic
studies revealed potential agents with demonstrable anti-tumor activity such as to
mitomycin C, a cytostatic agent and cisplatin a chemotherapy drug [50, 51].

The rich stroma often associated with in prostate cancer may in lend itself to
immunotherapy. Gemcitabine together with nabplaclitaxel synergized to reduce
stroma components and increased the intratumoral levels of gemcitabine, leading to
tumor growth inhibition [52]. It is tempting to speculate that the anti-tumor effect
seen in this study is in part due to gemcitabine’s depleting effect of tumor-associated
myeloid cells which are often abundantly represented within the tumor microenvi-
ronment [53]. Thus, with a reduction in this immune cell population, which inciden-
tally likely includes immune-suppressive cells (MDSCs, [53], adaptive anti-tumor
response becomes less obstructed, potentiating the observed anti-tumor response.
Although a phase I/II clinical trial based on these studies showed improved median
survival in patients with advanced disease, more studies are warranted to better
understand how therapeutic agents with potential to disrupt the tumor cellular com-
position particularly in pancreatic cancer may shape the outcome of a patient’s tumor.
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2.3 Lung Cancer

Lung cancer remains among the most prevalent types of cancer. While targeted
therapies with small molecule inhibitors have yielded some promising results in
patients [54], their effect are often short-lived and there is still a need for agents with
potential to effect durable response. In this regard, the use of PDX models have been
employed in lung cancer settings to identify mechanisms of drug resistance to exist-
ing agents such as docetaxel, and cisplatin or identify biomarkers for predicting
therapeutic response such as DNA repair pathways [55, 56].

PDX studies are also well documented for lung cancer [56-58]. In one report,
patient tumor specimen were implanted under the sub-renal capsule of NOD.SCID
mice which yielded 95 % engraftment rate. This study demonstrated the closeness
of the PDX tumor to parent tumor in terms of genetic abnormalities but acquired
mutation that can occur in persistent tumors [57]. One potential application of PDX
models in lung cancer is their use to predict disease course. In a study in which
surgically resected tumors from NSCLC patients were used to generate PDX, those
samples with successful engraftment were associated with squamous histology with
poor differentiation and large tumors in patients who had shorter disease-free sur-
vival [59]. This study highlights the fact that post engraftment growth features of
xenografts could be considered as predictive of growth pattern in patients and
potential for relapse in cases where surgery successfully removed most or all tumor
nodules.

Current existing methods of gene sequencing allow for identification of muta-
tions in putative oncogenes or tumor suppressor genes that have the potential to
activate or inhibit oncogenic pathways, respectively. What is needed is placing
some of these genomic alterations in context with immune activation pathways to
gain a more comprehensive understanding of how the regulation of these genes
impinges on contribution of the immune system to cancer pathogenesis.

2.4 Melanoma

Murine studies of melanoma have historically used cell lines with varying meta-
static potential. While PDX models have been explored, interest in their use in mel-
anoma setting has not been on the same level as other cancers such as breast, lung,
ovary, and colon cancer. Reasons for this have been obscure. One early study inves-
tigated the effect of anti-tumor agents on cell lines derived from a patient’s primary
melanoma tissue as well as PDX-derived tumor tissue [59]. There were some con-
cordance in the results seen between the two tumor cell sources but differential
sensitivities were also noted for some other agents. These studies were conducted in
pre-genomics era, otherwise, they would have benefited from this methodology in
terms of understanding molecular networks that may be involved in the discordant
findings. More recently, melanoma PDX models have been conducted by multiple



Patient-Derived Xenografts in Oncology 25

groups including those demonstrating the presence of melanoma-initiating cells that
appear to be crucial for tumor propagation [60] and a uveal melanoma PDX model
which while demonstrating sensitivity to temozolomide, a chemotherapy drug, had
poor engraftment rate [61].

With the availability of gene arrays, one group reported a gene signature (as
identified by DNA array analyses) that could be predictive of response to 11 cyto-
toxic anti-cancer agents in a melanoma PDX study [62]. Given that melanoma har-
bors genetic mutational load that is atop of the spectrum when considering several
cancer types side by side, and neo antigens encoded by these mutated genes have
been shown to be immunogenic [63], perhaps, PDX models are no longer as rele-
vant for drug discovery for this particular indication in which the natural immune
system may be potentiated to eliminate the disease as opposed to often toxic chemo-
therapy drugs. Based on this line of reasoning, genetically engineered mouse mod-
els or models of spontaneous autochthonous development of tumors may be more
clinically relevant.

With the advent of antibodies against CTLA4 which was approved for late stage
metastatic melanoma by the FDA in 2011 and anti-PD1, approved in 2014, which
show clinical efficacy in a subset of patients with advanced melanoma, we are see-
ing a shift in the management of melanoma towards immunotherapy. In this regard,
PDX models might be of less appeal to research scientists and PDX models which
largely focus on biology of tumor cells often in isolation from immune cells may be
relegated to the backstage.

2.5 Head and Neck Cancer

Unlike melanoma, mutational load in head and neck cancer is relatively low with
reports demonstrating mutations in a few tumor suppressor genes such as TP53 [64,
65]. With limited treatment options including chemotherapy and antibodies such as
cetuximab, there is a need for investigational platforms such as PDX models to
identify new drugs for this challenging cancer type. A number of PDX models
focusing on head and neck cancer have been carried out over the years [66—70] but
their predictive value for clinical outcome have been somewhat poor. This may be
in part due to sub-optimal tumor take reported in some of these studies or unknown
factors intrinsic to the design of the study. Good engraftment of patient tumor in
PDX models can be predictive of “aggressiveness” of a tumor type but such correla-
tion has not been well established in head and neck cancers. With respect to efforts
to use PDX models for drug testing and validation, a phase II clinical study was
conducted testing cisplatin and diaziquone in addition to other experimental agents
[71]. This study demonstrated that cisplatin had little efficacy in inhibiting tumor
growth in the PDX model while diaziquone showed robust cytostatic effect.
However, these results were discordant to clinical observations. Mutations that have
been reported to contribute to resistance to cisplatin include 7P53 and CCNDI
amplification, a gene involved in cell cycle regulation [72]. Consistent with this
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report, patients with 7P53 mutation had poor prognosis [73—75]. Despite the overall
limited efficacy seen with some of these agents, cetuximab remains one of the drugs
of choice among targeted therapy drugs. It will be interesting to see whether com-
bining its strong response in a study of head and neck squamous-cell carcinoma
(HNSCC) PDX in which 63 % response was seen [45] could be further improved
with co-treatment involving an immuno-modulatory agent. In any case, a number of
clinical trials are ongoing to bring the use of some of the experimental agents that
have been tested in PDX models to the clinic.

2.6 Breast Cancer

Breast cancer PDX models present with unique issues of consideration such as mul-
tiple locations for transplantation sites and responsiveness of sub-types to hormones
[76]. The murine environment into which they are implanted may affect their growth
and behavior. In this regard, building PDX models that span the different sub-types
of breast cancer particularly these hormone-driven ones have been somewhat chal-
lenging. However, advances in understanding this dependency through molecular
pathway methodologies have led to many great PDX studies some of which incor-
porate hormone supplementation into their PDX platform in an attempt to mimic as
closely as possible, the exposure of the tumor cells to these hormones [21, 76-78].
While tumor takes have not been impressively robust in some of these studies, it has
allowed for generation of PDX models to study sub-types based on estrogen, pro-
gesterone, and HER2-receptor status. These studies have led to data supporting the
observation that triple negative (ER-, PR-, and HER2-) breast cancer presents with
aggressive growth pattern and metastatic potential in patients. Armed with these
observations, PDX models are now continued to be utilized to evaluate potent anti-
cancer drugs to target various breast cancer sub-types. While not applicable to every
breast cancer sub-type, it is interesting to note that the engraftment rate and growth
of triple negative sub-type in PDX models may be useful as prognostics for patients
from which they are derived. In this context, knowledge gained from PDX studies
evaluating potential therapeutic drugs of interest could inform of aggressive nature
of the disease as well as rational treatment options. While not every PDX model has
focused on stromal components, existing reports highlight the contributory role of
murine stroma/leukocytes to the tumor microenvironment [21] raising the issue of
the extent to which the mouse stromal components alter the human tumor mass. As
advances in gene expression profiling methodologies continue, we are likely to see
a surge in PDX models aimed at identifying mutations contributing to tumorigene-
sis. One such mutation, the BRCA2 mutation has been described in which gene
expression pattern, the basal-like histology, and stroma showed similarity between
the patient tumor and the PDX derivative [78]. With the current era where several
“omics” approaches are being explored in an attempt to get a global picture of the
overall biology of cancer cells, metabolic pathways through metabolomics is also
an area of interest that is being pursued by some investigators [79].



Patient-Derived Xenografts in Oncology 27
2.7 Prostate Cancer

Limited PDX models exist for prostate cancer in part due to the difficulty in estab-
lishing prostate cancer cell lines in vitro. A number of studies have produced success-
ful PDX models with diverse focus [80-84]. The site of implantation is particularly
important in prostate cancer PDX as demonstrated by studies in which orthotopic
implantation was compared to other sites such as sub-renal and sub-cutaneous spaces
[83]. Not surprising, the orthotopic route yielded PDX with best engraftment rate,
with tumors with well differentiated histology and which maintained expression of
prostate antigen and androgen receptor [83]. Other PDX studies conducted have
focused on key biological aspects of prostate cancer pathogenesis including but not
limited to angiogenesis [80], genetic mutations [82], tumor stem cells [81], and ther-
apeutic intervention via inhibition of hormones [84]. Given the dearth of PDX stud-
ies in prostate cancer, more efforts are warranted for this cancer indication.

2.8 Renal Cell Carcinoma

Both primary patient tumor and cell lines have been utilized for PDX studies in
renal cell carcinoma (RCC) [81, 83—88]. The latter has been reported to deviate
from the parental tumor as acquired mutations are known to develop with the in vitro
culture of RCC cells [89]. A number of treatment options exist for RCC including
cytokine therapy and chemo/radiotherapy. However, small molecule inhibitors like
Sunitinib and sorafenib, both of which are tyrosine kinase inhibitors [90, 91] are
being explored. Using a PDX model, sunitinib was evaluated for anti-cancer effect
[90]. This study demonstrated some efficacy but was short lived leading the inves-
tigators to implicate epithelial-to-mesenchymal transition as mechanism of resis-
tance [90]. The potential utility of anti-angiogenic drugs as therapeutic agents have
also been tested in RCC as studies have demonstrated the human vasculature per-
sists with tumors for a period of time post tumor implantation [80, 92]. Interestingly,
sorafenib showed efficacy partially attributed to disrupting inhibition of cell cycle
and anti-apoptotic proteins including cyclin B1/D1 and survivin [91]. One of the
emerging concepts is combinatorial approaches to target multiple biological pro-
cesses contributing to RCC. In this vein, an RCC PDX study explored the use anti-
angiogenic agent with an inhibitor of mTOR and showed pronounced reduction in
blood supply to the xenogeneic tumor [93].

2.9 Glioblastoma Multiforme

Mechanisms driving tumor initiation and progression in Glioblatoma multiforme
(GM) are beginning to be unraveled through genomic studies [94]. Due to the com-
plexity of the disease, and the technicality of performing grafts in mice, a number
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of studies have used athymic nude rats for PDX studies of GM. In one study, patient
tumor biopsy was first cultured in vitro to form spheroids which were then subse-
quently implanted into the cranium of the recipient mice [94]. Results from this
study demonstrated the suitability of this orthotopic-recipient host combination as a
PDX platform for the diseases and showed the clinical relevance as the tumor
behavior such as vascularization was similar to that seen in patients [94]. In another
study, anti-VEGF treatment, which has anti-angiogenic activity led to reduction of
blood supply to the tumor. Although some shrinkage in tumor was noted, the
hypoxic environment within the tumor promoted tumor cell invasion that appeared
to rely on the PI3K/AKT signaling pathway undermining durable and long-lasting
inhibition of tumor growth. Nevertheless, the similarity between the primary patient
biopsy and the PDX-derived tumor sample based on genomic analyses and vascula-
ture undoubtedly makes PDX models of GM ideal investigational platforms to eval-
uate targeted therapies either as monotherapy or in combination with agents that
inhibit angiogenesis.

3 Clinical Utility of PDX

3.1 PDX Models as Tools for Understanding Genomic
and Protein Expression Profile of Cancers

Some investigators have also focused their attention on the regulation of genes and
gene products involved in cancer pathogenesis such as those involved in migration
and angiogenesis [95]. In a study involving several PDX tumor models, tissue
microarray focusing on a number of genes including VEGF-A, proteinase-activated
receptor 1, cathepsin B, integrin 1, and MMP1 among others was conducted. This
analysis provided some picture of molecular features employed in metastasis and
angiogenesis. In this regard, gene set enrichment analyses of multiple canonical
pathways involved in angiogenesis could also be informative in terms of evaluating
metastatic ability of the tumor cells. Existing reports from genome-wide studies
have demonstrated that PDX models derived from primary patient tumor are more
preserved with respect to global gene expression pattern and pathways, and closely
mirror that seen in patients [13, 55]. In an NSCLC PDX study of 17 PDX-tumor
sample pairs, 10 were found to have correlation co-efficient of *0.9 as determined
from hierarchical clustering analyses [55]. Similarly, a pancreatic cancer tumor-
PDX pairing study revealed that 10 out of 12 retain the expression levels of mutant
KRAS as well as SMAD4 expression [47]. In a comprehensive study comparing
primary small cell lung tumor PDX with cell lines derived from them, substantial
changes were reported in gene expression pattern such that cell lines that were
derived from an initial PDX and later cultured for several months before implanta-
tion had as many as 395 genes that were differentially expressed when compared
with the founding PDX tumor [13]. Taken together, these reports highlight the
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notion that gene expression pattern can change considerably in patient tumors when
subjected to extensive in vitro manipulations such as generation of cell lines [13]
and some of these changes may be irreversible, thus permanently altering the behav-
ior of in vitro-generated PDX tumor models.

3.2 PDX Models as Tools for Predicting Clinical Response

A great percentage of oncology compounds fail to enter the clinic in part due to the
low predictability of the pre-clinical pharmacological model used to text their effi-
cacy. Several lines of evidence show that PDX models have better predictive value
for clinical outcome compared to cell line-derived xenograft models. Models in
which the heterogeneity and hierarchical complexity of tumors, i.e. tumor-initiating
cells, tumor-propagating cells/tumor stem cells are preserved are likely to generate
information that is relevant to patient tumors. In this context, PDX models particu-
larly those utilizing patient’s tumor tissue which have this feature are of value.

Many clinical trials are designed based on findings from pre-clinical PDX stud-
ies [16, 96, 97]. A number of these studies demonstrate high potential of PDX
models in predicting objective response in patients in the clinic. In a study of 34
cancer patients, the predicted response or resistance rate for chemotherapy drugs
including cetuximab using PDX models was remarkably high, and correlated with
patient response [97]. In another study in which cetuximab was tested in metastatic
colorectal cancer PDX models at clinically relevant doses (CRD), results mirrored
what was seen in the clinic [16, 96]. Similarly, PDX models of small cell lung can-
cer evaluating efficacy of topotecan as monotherapy or in combination with other
agents yielded outcomes that were similar to those in phase II clinical trials [98]. In
an effort to identify potential treatment regimen for patients with refractory tumors,
patient tumor graft studies were conducted with several agents with anti-cancer
properties. This study led to identification of treatment plan for 11 of 14 patients
which resulted in nearly 90 % clinical objective response [99].

While the studies above provide supporting evidence for the utilization of PDX
models as predictive platforms for clinical studies, there exists a number of reports
in which discordant results were observed [100, 101]. In a phase II clinical trials
testing therapeutic index of an experimental drug brequinar sodium, marginal clini-
cal response of about 5% was only seen in lung cancer subjects despite a more
robust (63—-80 %) response rate as predicted by PDX models [100]. This could be
attributed to the relatively small number of the PDX tumors used for the study
which likely makes predictive power less accurate. The experimental drug
Sagopilone was also tested in NSCLC PDX models and while demonstrating a
robust 50 % tumor regression in mice [102], its effect in clinical studies was dismal
[101]. Another issue is that disease stage may factor into the course of tumor devel-
opment and progression in PDX models. Early stage tumors may yield discordant
results compared with late stage tumors due to differences in growth properties and
metastatic potentials. Furthermore, in cases where resected tumors are used for
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PDX studies, they may offer little in terms of forecasting how patients might per-
form under drugs of investigation especially where surgical re-sectioning in itself
was therapeutic.

3.3 Using PDX Models Towards Personalized Cancer Care

One of the utilities of PDX models is the potential for testing novel agents with the
hope of translating them to patient application especially in settings where patient’s
tumor is refractory to existing standard of care or therapeutic options and is
advanced. To do this, a piece of patient’s tumor needs to be obtained. This could be
achieved by biopsy or when surgical re-sectioning is being performed. Then follow
the basic series of steps involved in setting up a PDX: implant patient tissue in
immunodeficient recipient mice, test a number of drugs, identify those with prom-
ise, and subsequently test those in the patient. An example of this is a clinical pilot
study in pancreatic cancer [103].

PDX models can also be particularly useful in the drug discovery process includ-
ing target identification, validation, and drug screening. Tumors refractory to treat-
ment can be propagated in mice to better understand mechanisms of drug resistance
by profiling such tumors pre-implantation and identifying pathways that have been
amplified or altered relative to treatment-naive tumor sample.

With the re-invigoration of interest in the utilization of PDX model came the
concept of “avatars”. Although largely used to describe patient-derived xenografts
that are implanted sub-cutaneously, the consensus is that they offer the potential to
test various drugs on a patient’s currently un-resolved cancer. In this regard,
modifications to improve PDX avatar models include better and more stringent
immunodeficient mice models such as NOD.SCID, NOG/NSG mice.

3.4 PDX as Platforms for Biomarker Discovery

PDX models can also allow for identification of novel biomarkers that can be useful
in predicting drug sensitivity or resistance. By exploring genetic and molecular fea-
ture of the tumor, PDX platforms can reveal patterns associated with objective
response or those associated with little to no efficacy. This information is often use-
ful in guiding patient stratification to choose those who are more likely to benefit
from a particular regimen or those in which other treatment course may be war-
ranted. In a study that evaluated the activity of cetuximab against a panel of PDX
tumors that included colon cancer, it was found that mutations in the KRAS, BRAF,
NRAS genes when present was associated with resistance to cetuximab in colon
cancer [45]. Other molecular patterns were also identified which led to evaluation of
small molecule inhibitor to target some of the dysregulated pathways identified as
biomarkers. In a large study of colorectal PDX tumors, KRAS mutations or HER?2
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amplification accounted for resistance to cetuximab and these findings were in
accordance with response rates noted in the clinic [104, 105]. Similarly, Olaparib, a
PARP inhibitor and vemurafenib, a B-Raf inhibitor were tested in clinical trials and
showed demonstrable activity in BRCA1/BRCA2 mutant ovarian cancer, and mela-
noma, respectively [105-107]. These clinical studies resonated with PDX studies
[108, 109] demonstrating that PDX models with the employment of genetic screen-
ing tools can be effective platform for identification of biomarkers of therapeutic
response.

Besides mutational load, expression pattern of genes in primary tumor or PDX-
derived tissues as assessed by genomic tools can reveal underlying gene regulatory
mechanisms that correlate with sensitivity or resistance to drugs. In one study utiliz-
ing PDX of various solid cancers, DNA microanalysis revealed several genes whose
differential expression were associated with sensitivity to a number of chemother-
apy drugs [110]. The PCR-based method described by Tentler and colleagues [111]
is yet another useful tool that could be instrumental in biomarker identification.
They have employed this methodology to assess sensitivity or resistance to a num-
ber of small molecule inhibitors [55, 112, 113] and biomarkers identified have been
employed in some clinical trials. Thus, DNA microarray analysis and deep sequenc-
ing of chromosomal segments can aid our efforts in identifying global gene net-
works or mutations associated with cancer type and its progression. Furthermore,
proteomics offers an avenue to dissect expression pattern of aberrantly expressed
protein molecules in patient’s cancer. By employing these “omics” approaches,
multiple pathways enlisted by various cancers which favor growth and survival can
be decoded. With the development of biomarkers such as gene mutations, amplifica-
tions, post-translational dysregulation, or over expression of protein molecules,
drugs could be designed to target those mechanisms employed by the tumor cells to
favor growth, survival, and progression.

With the availability of humanized immunodeficient mice, biomarker discovery
extending to immunological parameters would be beneficial in terms of understand-
ing the contributory role of tumor expressed markers favoring tumor evasion.
Evaluating the expression of inhibitory pathways at the chromosomal level by
RT-PCR or at the protein level by FACS or IHC should provide additional opportu-
nities for biomarker discovery. For instance, the expression level of PD-L1 in many
solid cancers has been associated with response to immunotherapeutic drugs such
as anti-PD-1 antibody [114]. This is one example where comprehensive assessment
of suppressive pathways operative on both tumor cells and immune cells could be
informative and of substantial predictive value.

4 Challenges in PDX Models

The many challenges that pose barriers to PDX models as “perfect” pre-clinical
investigative platform are numerous, some of which have been mentioned briefly in
the preceding sections but will be elaborated here.
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Cell line-derived PDX generally lack heterogeneity resulting from the in vitro
selection process of certain clones over others. It is quite common for cultures
passaged over many generations to eventually comprise of a near monoclonal
tumor cell population. While patient tumor-derived PDX often exhibit clonal
diversity similar to the parental tumor, they are also subject to chromosomal
changes with extended in vivo passages. Genetic alterations tend arise in grafted
tumors probably due to the fact that less differentiated tumors which tend to be
the case for early stage cancers are more unstable [115, 116] and the likelihood
of development of acquired secondary mutations increases with prolonged pas-
sages [47]. Thus, reliable data are best generated at early passage times when
architecture, morphology, and histology of the original tumor are still only mini-
mally perturbed.

Engraftment rates vary considerably between different models and different can-
cer types. For example, breast cancer PDX models are generally more challeng-
ing compared to other cancers with basal-like cancer models being easier to
generate compared to luminal tumors such as the estrogen receptor-positive can-
cers [18, 76, 77, 103]. The lack of engraftment due to a number of factors includ-
ing technical failure can also be an impediment to successful PDX model
generation. Latency phase is another issue of concern in PDX models. A pro-
longed latency period [41, 115] before tumor engraftment and growth is con-
firmed can pose barriers to therapeutic studies in “xenopatient” settings where
results are anticipated to guide selection of rational treatment options for aggres-
sive tumor types.

. Of importance is the stroma or lack thereof surrounding a PDX tumor [117]. Due

to the changes in the stroma environment to which the patient tumor is now
exposed when present, stromal-associated genes can be dysregulated [19, 116].
Furthermore, the cellular composition of the PDX stroma which may be of
human origin initially, eventually becomes replaced with murine equivalent,
making inferences about tumor—stroma interactions not so straightforward.
Similarly, as with a described renal cell carcinoma model [80, 92], the vascula-
ture of human origin associated with the PDX tumor gradually disappears, pav-
ing way for murine vasculature. This is particularly important when considering
the impact of soluble factors and angiogenic properties that are important in the
biology of a cancer indication. If of mouse origin, they may affect tumor behav-
ior differently than the human equivalents, hence generate outcomes that are
divergent from what is seen in a patient. On a related note, PDX models may not
faithfully recapitulate their parental counterpart due to differences in hormones
present in primary versus secondary host which is relevant for hormone-driven
tumors such as sub-types of breast cancer [76, 118—121].

While implantation is not particularly difficult, the skills required are notwith-
standing beyond that needed for simple maintaining cell cultures in vitro, neces-
sitating an expert in this approach to be a part of the research team. While PDX
models are a great tool for oncology research particularly for pre-clinical effi-
cacy studies, they are often cost and labor intensive. Consortia such as the Center
of Resource for Experimental Models of Cancer (CreMec), the Translational
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Proof-of-Concept consortia TransPoc), and the Euro PDX consortium have
mechanisms in place to facilitate collaborative research built on PDX models
and should be instrumental in making these models of wider application in
oncology at reasonable costs, hence alleviating this potential cost-associated
challenge.

5. PDX models might not be very effective in early stage disease as there is about
40-60% tumor development rate in grafted mice [122] and even then, only
malignant, potentially aggressive tumor may effectively engraft and propagate in
the recipient mice making PDX model not ideal for early tumors. Additionally,
many PDX especially s.c. implants are not metastatic which is a critical determi-
nant in the clinical outcome of disease [30, 31]. This limits the extension of data
generated from s.c. PDX systems focused on drug efficacy to human cases espe-
cially where such parental tumor has confirmed metastatic potential.

6. Animal use ethical concerns are not to be taken lightly when designing and
establishing PDX programs. Many institutions have regulatory committees such
as Institutional Review Board (IRB) and Institutional Animal Care and Use
Committee (IACUC) that oversee protocols utilized for conducting animal stud-
ies and criteria for endpoint assessments including limits of tumor burden
allowed in a recipient animal. These regulations ensure smooth operation of ani-
mal studies and are not barriers to effectively conducting PDX studies as long as
they are abided by.

4.1 Tumor-Host Interactions; Tumor Stroma and Cancer-
Associated Cells

The host stromal components and blood vessels contribute to the tumor microenvi-
ronment as revealed by studies utilizing secondary recipient transgenic mice
expressing fluorescent proteins such as RFP, and GFP [123]. Such studies highlight
the contribution of the tumor stroma to tumor progression and behavior in PDX
models. The question is: with each passage, does the contribution of the host stroma
change enough to alter the behavior of the PDX in a manner that is divergent from
the parent tumor? In early stages of PDX implantation, human stroma associated
with the tumor is present and has been studied. Both fibroblasts and tumor-infiltrated
T cells were readily identified in the implanted PDX tumor of a non-small cell lung
cancer model several weeks after implantation [6]. With increasing passaging, stro-
mal components of human origin became replaced with the host (mouse) stroma
[76, 78, 123]. Of consideration is the possibility that stroma composition may also
impact the pharmacology (pharmacokinetics) of therapeutic agents. In a study eval-
uating the efficacy of gemcitabine and nab-paclitaxcel in pancreatic PDX tumors,
the combination of the drug interestingly was associated with near 3-fold increase
in the levels of gemcitabine present in the tumor [124]. Given the potential for gem-
citabine to cause a depletion in myeloid cell subset in tumor-bearing mice [125],
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such increased penetrance of drug may be attributed to re-shaping of the tumor
cellular dynamics. Whether the mouse stroma that eventually envelopes the human
PDX makes for easier penetration of therapeutic drugs of interest compared to
human stroma remains to be seen.

In some PDX models, lack of intact tumor stroma similar to the patient’s may
essentially preclude studying interactions between tumor cells and both innate and
adaptive immune system which are critical to tumor progression and metastasis.
Even when present, studying the cross talk between these immune cells and cancer
cells may be challenging as the mouse environment may cause some tumor-resident
immune cells not to persist, hence become lost due to absence of key growth/sur-
vival factors in the secondary host. With this realization in mind, evaluation of
immunotherapeutic compounds which rely on the host’s immune cells for anti-
tumor therapy may be difficult to achieve in PDX models as recipients (immunode-
ficient mice) are generally devoid of an intact immune environment.

S Pushing PDX Beyond the Status Quo

Genomics and sequencing are often tools employed to identify genetic changes favor-
ing tumor growth. These changes provide the recipe for designing targeted therapies
for cancers harboring such genomic alterations. In similar vein, epigenetic modifica-
tions deserve our attention even in PDX models as information continue to emerge
demonstrating how methylation and acetylation patterns impact gene expression.
Lastly, proteomics approach can be relied upon for evaluating expression levels of
protein of interest as relevant to specific cancer indications such as receptor tyrosine
kinases, hormone receptors, growth factor receptors, inhibitory ligands, etc. PDX
models have come a long way but could still benefit from refinements. Incorporating
many of these analytical tools in PDX tumors will likely provide researchers a more
comprehensive picture of regulatory networks at play in cancer tumorigenesis and
pathogenesis as well as clues to how components of these networks might be con-
nected and employed by cancer cells to evade drugs or immune recognition.

6 Conclusion

Summarily, PDX models are a useful investigational platform to study the many
facets of cancer biology. Importantly, they offer an approach to generate an expan-
sive array of various human tumors which is essential in order to capture the hetero-
geneity that exists among human cancers both within the same cancer type or
between different cancers. They are also a great tool for drug discovery, as well as
uncovering mechanisms of resistance and sensitivity to known anti-cancer drugs.
PDX models are thus a great pre-clinical model given the information they provide
us such as histology, genomic landscape, architecture, growth behavior, genetic and
epigenetic features as they relate to the primary patient tumor.
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PDX models are also a great alternative to GEMMs as they appear to mimic
more closely the overall biological parameters associated with the patient’s cancer.
Lastly, toxicity and tolerability issues need to be weighed carefully when utilizing
PDX models given the difference in the body mass between mice and men to avoid
over or understating effects when extending drug efficacy studies from PDX mice
to human trials. It would be advantageous if there exists certain ground rules on
when the results of a PDX study should be deemed robust enough to extrapolate
from it and use findings to guide design of clinical trials. As PDX models continue
to be employed in oncology, modifications including adoptive transfer of human
cells should provide a more rounded approach to understanding tumor biology.
After all, cancer cells are never in isolation and their surrounding stroma which
includes immune cells are key to course of disease progression.

References

1. Kopetz S, Lemos R, Powis G (2012) The promise of patient-derived xenografts: the best laid
plans of mice and men. Clin Cancer Res 18(19):5160-5162
2. Ruggeri BA, Camp F, Miknyoczki S (2014) Animal models of disease: pre-clinical animal
models of cancer and their applications and utility in drug discovery. Biochem Pharmacol
87(1):150-161
3. Tentler JJ et al (2012) Patient-derived tumour xenografts as models for oncology drug devel-
opment. Nat Rev Clin Oncol 9(6):338-350
4. Morvan MG, Lanier LL (2015) NK cells and cancer: you can teach innate cells new tricks.
Nat Rev Cancer 16(1):7-19
5. Ito M et al (2002) NOD/SCID/gamma(c) (null) mouse: an excellent recipient mouse model
for engraftment of human cells. Blood 100(9):3175-3182
6. Shultz LD et al (2005) Human lymphoid and myeloid cell development in NOD/LtSz-scid
IL2R gamma null mice engrafted with mobilized human hemopoietic stem cells. J Immunol
174(10):6477-6489
7. Quintana E et al (2008) Efficient tumour formation by single human melanoma cells. Nature
456(7222):593-598
8. Simpson-Abelson MR et al (2008) Long-term engraftment and expansion of tumor-derived
memory T cells following the implantation of non-disrupted pieces of human lung tumor into
NOD-scid IL2ZRgamma (null) mice. J Immunol 180(10):7009-7018
9. End DW et al (2001) Characterization of the antitumor effects of the selective farnesyl pro-
tein transferase inhibitor R115777 in vivo and in vitro. Cancer Res 61(1):131-137
10. Johnson JI et al (2001) Relationships between drug activity in NCI preclinical in vitro and
in vivo models and early clinical trials. Br J Cancer 84(10):1424-1431
11. Voskoglou-Nomikos T, Pater JL, Seymour L (2003) Clinical predictive value of the in vitro
cell line, human xenograft, and mouse allograft preclinical cancer models. Clin Cancer Res
9(11):4227-4239
12. Van Cutsem E et al (2004) Phase III trial of gemcitabine plus tipifarnib compared with gem-
citabine plus placebo in advanced pancreatic cancer. J Clin Oncol 22(8):1430-1438
13. Daniel VC et al (2009) A primary xenograft model of small-cell lung cancer reveals irrevers-
ible changes in gene expression imposed by culture in vitro. Cancer Res 69(8):3364-3373
14. Abaan OD et al (2013) The exomes of the NCI-60 panel: a genomic resource for cancer biol-
ogy and systems pharmacology. Cancer Res 73(14):4372-4382
15. Williams SA et al (2013) Patient-derived xenografts, the cancer stem cell paradigm, and
cancer pathobiology in the 21st century. Lab Invest 93(9):970-982



36

17.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

D.O. Adeegbe and Y. Liu

. Bertotti A et al (2011) A molecularly annotated platform of patient-derived xenografts
(“xenopatients”) identifies HER2 as an effective therapeutic target in cetuximab-resistant
colorectal cancer. Cancer Discov 1(6):508-523

Julien S et al (2012) Characterization of a large panel of patient-derived tumor xenografts
representing the clinical heterogeneity of human colorectal cancer. Clin Cancer Res
18(19):5314-5328

. Petrillo LA et al (2012) Xenografts faithfully recapitulate breast cancer-specific gene expres-
sion patterns of parent primary breast tumors. Breast Cancer Res Treat 135(3):913-922
Reyal F et al (2012) Molecular profiling of patient-derived breast cancer xenografts. Breast
Cancer Res 14(1):R11

Mattie M et al (2013) Molecular characterization of patient-derived human pancreatic tumor
xenograft models for preclinical and translational development of cancer therapeutics.
Neoplasia 15(10):1138-1150

DeRose YS etal (2011) Tumor grafts derived from women with breast cancer authentically reflect
tumor pathology, growth, metastasis and disease outcomes. Nat Med 17(11):1514-1520

Zhao X et al (2012) Global gene expression profiling confirms the molecular fidelity of pri-
mary tumor-based orthotopic xenograft mouse models of medulloblastoma. Neuro Oncol
14(5):574-583

Loukopoulos P et al (2004) Orthotopic transplantation models of pancreatic adenocarcinoma
derived from cell lines and primary tumors and displaying varying metastatic activity.
Pancreas 29(3):193-203

Morton CL, Houghton PJ (2007) Establishment of human tumor xenografts in immunodefi-
cient mice. Nat Protoc 2(2):247-250

Ding L et al (2013) Advances for studying clonal evolution in cancer. Cancer Lett
340(2):212-219

Gerlinger M et al (2012) Intratumor heterogeneity and branched evolution revealed by mul-
tiregion sequencing. N Engl J Med 366(10):883-892

Chin L, Andersen JN, Futreal PA (2011) Cancer genomics: from discovery science to person-
alized medicine. Nat Med 17(3):297-303

Furukawa T et al (1993) Nude mouse metastatic models of human stomach cancer constructed
using orthotopic implantation of histologically intact tissue. Cancer Res 53(5):1204—1208
Wang WR, Sordat B, Piguet D, Sordat M (1982) Human colon tumors in nude mice: implan-
tation site and expression of the invasive phenotype. In: Sordat B (ed) Immune-deficient
animals—4th international workshop on immune-deficient animals in experimental research,
Karger, Basel, Switzerland. pp 239-245

Garralda E et al (2014) Integrated next-generation sequencing and avatar mouse models for
personalized cancer treatment. Clin Cancer Res 20(9):2476-2484

Fidler 1J (1990) Critical factors in the biology of human cancer metastasis: twenty-eighth
G.H.A. Clowes memorial award lecture. Cancer Res 50(19):6130-6138

Hiroshima Y et al (2015) Establishment of a patient-derived orthotopic Xenograft (PDOX)
model of HER-2-positive cervical cancer expressing the clinical metastatic pattern. PLoS
One 10(2):e0117417

Meyer LH, Debatin KM (2011) Diversity of human leukemia xenograft mouse models:
implications for disease biology. Cancer Res 71(23):7141-7144

Rygaard J, Povlsen CO (1969) Heterotransplantation of a human malignant tumour to “Nude”
mice. Acta Pathol Microbiol Scand 77(4):758-760

Fu XY et al (1991) Models of human metastatic colon cancer in nude mice orthotopically
constructed by using histologically intact patient specimens. Proc Natl Acad Sci U S A
88(20):9345-9349

Astoul P et al (1996) A patient-like human malignant pleural mesothelioma nude-mouse
model. Oncol Rep 3(3):483-487

Fu X, Guadagni F, Hoffman RM (1992) A metastatic nude-mouse model of human pancreatic
cancer constructed orthotopically with histologically intact patient specimens. Proc Natl
Acad Sci U S A 89(12):5645-5649



Patient-Derived Xenografts in Oncology 37

38.

39.

40.

41

42.

43.

44.

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

Fu X, Hoffman RM (1993) Human ovarian carcinoma metastatic models constructed in nude
mice by orthotopic transplantation of histologically-intact patient specimens. Anticancer Res
13(2):283-286

Fu X, Le P, Hoffman RM (1993) A metastatic orthotopic-transplant nude-mouse model of
human patient breast cancer. Anticancer Res 13(4):901-904

Wang X, Fu X, Hoffman RM (1992) A new patient-like metastatic model of human lung
cancer constructed orthotopically with intact tissue via thoracotomy in immunodeficient
mice. Int J Cancer 51(6):992-995

. Dangles-Marie V et al (2007) Establishment of human colon cancer cell lines from fresh

tumors versus xenografts: comparison of success rate and cell line features. Cancer Res
67(1):398-407

Fichtner I et al (2004) Anticancer drug response and expression of molecular markers in
early-passage xenotransplanted colon carcinomas. Eur J Cancer 40(2):298-307

Guenot D et al (2006) Primary tumour genetic alterations and intra-tumoral heterogeneity are
maintained in xenografts of human colon cancers showing chromosome instability. J Pathol
208(5):643-652

Linnebacher M et al (2010) Cryopreservation of human colorectal carcinomas prior to xeno-
grafting. BMC Cancer 10:362

Krumbach R et al (2011) Primary resistance to cetuximab in a panel of patient-derived
tumour xenograft models: activation of MET as one mechanism for drug resistance. Eur
J Cancer 47(8):1231-1243

Dalerba P et al (2007) Phenotypic characterization of human colorectal cancer stem cells.
Proc Natl Acad Sci U S A 104(24):10158-10163

Rubio-Viqueira B et al (2006) An in vivo platform for translational drug development in
pancreatic cancer. Clin Cancer Res 12(15):4652—4661

Garrido-Laguna I et al (2010) Integrated preclinical and clinical development of mTOR
inhibitors in pancreatic cancer. Br J Cancer 103(5):649-655

Jimeno A et al (2010) A fine-needle aspirate-based vulnerability assay identifies polo-like
kinase 1 as a mediator of gemcitabine resistance in pancreatic cancer. Mol Cancer Ther
9(2):311-318

Jones S et al (2009) Exomic sequencing identifies PALB2 as a pancreatic cancer susceptibil-
ity gene. Science 324(5924):217

Villarroel MC et al (2011) Personalizing cancer treatment in the age of global genomic analy-
ses: PALB2 gene mutations and the response to DNA damaging agents in pancreatic cancer.
Mol Cancer Ther 10(1):3-8

Von Hoff DD et al (2011) Gemcitabine plus nab-paclitaxel is an active regimen in patients
with advanced pancreatic cancer: a phase I/II trial. J Clin Oncol 29(34):4548-4554
Talmadge JE, Gabrilovich DI (2013) History of myeloid-derived suppressor cells. Nat Rev
Cancer 13(10):739-752

Gross S et al (2015) Targeting cancer with kinase inhibitors. J Clin Invest 125(5):1780-1789
Fichtner I et al (2008) Establishment of patient-derived non-small cell lung cancer xenografts
as models for the identification of predictive biomarkers. Clin Cancer Res
14(20):6456-6468

Nemati F et al (2009) Preclinical assessment of cisplatin-based therapy versus docetaxel-
based therapy on a panel of human non-small-cell lung cancer xenografts. Anti-cancer Drugs
20(10):932-940

Cutz JC et al (2006) Establishment in severe combined immunodeficiency mice of subrenal
capsule xenografts and transplantable tumor lines from a variety of primary human lung
cancers: potential models for studying tumor progression-related changes. Clin Cancer Res
12(13):4043-4054

Dong X et al (2010) Patient-derived first generation xenografts of non-small cell lung can-
cers: promising tools for predicting drug responses for personalized chemotherapy. Clin
Cancer Res 16(5):1442-1451



38

59

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

D.O. Adeegbe and Y. Liu

. John T et al (2011) The ability to form primary tumor xenografts is predictive of increased
risk of disease recurrence in early-stage non-small cell lung cancer. Clin Cancer Res
17(1):134-141

Schatton T et al (2008) Identification of cells initiating human melanomas. Nature
451(7176):345-349

Nemati F et al (2010) Establishment and characterization of a panel of human uveal mela-
noma xenografts derived from primary and/or metastatic tumors. Clin Cancer Res
16(8):2352-2362

Fiebig HH et al (2007) Gene signatures developed from patient tumor explants grown in nude
mice to predict tumor response to 11 cytotoxic drugs. Cancer Genomics Proteomics
4(3):197-209

Rizvi NA et al (2015) Cancer immunology. Mutational landscape determines sensitivity to
PD-1 blockade in non-small cell lung cancer. Science 348(6230):124—-128

Agrawal N et al (2011) Exome sequencing of head and neck squamous cell carcinoma reveals
inactivating mutations in NOTCHI. Science 333(6046):1154-1157

Stransky N et al (2011) The mutational landscape of head and neck squamous cell carcinoma.
Science 333(6046):1157-1160

Chen J et al (1996) Xenograft growth and histodifferentiation of squamous cell carcinomas
of the pharynx and larynx. Oral Surg Oral Med Oral Pathol Oral Radiol Endod
81(2):197-202

Hennessey PT et al (2011) Promoter methylation in head and neck squamous cell carcinoma
cell lines is significantly different than methylation in primary tumors and xenografts. PLoS
One 6(5):20584

Prince ME et al (2007) Identification of a subpopulation of cells with cancer stem cell proper-
ties in head and neck squamous cell carcinoma. Proc Natl Acad Sci U S A 104(3):973-978
Wennerberg J, Trope C, Biorklund A (1983) Heterotransplantation of human head and neck
tumours into nude mice. Acta Otolaryngol 95(1-2):183-190

Zatterstrom UK et al (1992) Growth of xenografted squamous cell carcinoma of the head and
neck--possible correlation with patient survival. APMIS 100(11):976-980

Langdon SP et al (1994) Preclinical phase II studies in human tumor xenografts: a European
multicenter follow-up study. Ann Oncol 5(5):415-422

Henriksson E et al (2006) p53 mutation and cyclin D1 amplification correlate with cisplatin
sensitivity in xenografted human squamous cell carcinomas from head and neck. Acta Oncol
45(3):300-305

Cabelguenne A et al (2000) p53 alterations predict tumor response to neoadjuvant chemo-
therapy in head and neck squamous cell carcinoma: a prospective series. J Clin Oncol
18(7):1465-1473

Koch WM et al (1996) p53 mutation and locoregional treatment failure in head and neck
squamous cell carcinoma. J Natl Cancer Inst 88(21):1580-1586

Peltonen JK et al (2011) Specific TP53 mutations predict aggressive phenotype in head and
neck squamous cell carcinoma: a retrospective archival study. Head Neck Oncol 3:20
Marangoni E et al (2007) A new model of patient tumor-derived breast cancer xenografts for
preclinical assays. Clin Cancer Res 13(13):3989-3998

Beckhove P et al (2003) Efficient engraftment of human primary breast cancer transplants in
nonconditioned NOD/Scid mice. Int J Cancer 105(4):444-453

de Plater L et al (2010) Establishment and characterisation of a new breast cancer xenograft
obtained from a woman carrying a germline BRCA?2 mutation. Br J Cancer 103(8):1192—-1200
Moestue SA et al (2010) Distinct choline metabolic profiles are associated with differences in gene
expression for basal-like and luminal-like breast cancer xenograft models. BMC Cancer 10:433
Gray DR et al (2004) Short-term human prostate primary xenografts: an in vivo model of
human prostate cancer vasculature and angiogenesis. Cancer Res 64(5):1712-1721
Grisanzio C et al (2011) Orthotopic xenografts of RCC retain histological, immunopheno-
typic and genetic features of tumours in patients. J Pathol 225(2):212-221



Patient-Derived Xenografts in Oncology 39

82.

83.

84.

85.

86.

87

88.

89.

90.

91.

92.

93.

94.

9s.

96.

97.

98.

99.

100.

101.

102.

103.

Laitinen S et al (2002) Chromosomal aberrations in prostate cancer xenografts detected by
comparative genomic hybridization. Genes Chromosomes Cancer 35(1):66—73

Wang Y et al (2005) Development and characterization of efficient xenograft models for
benign and malignant human prostate tissue. Prostate 64(2):149-159

Yoshida T et al (2005) Antiandrogen bicalutamide promotes tumor growth in a novel
androgen-dependent prostate cancer xenograft model derived from a bicalutamide-treated
patient. Cancer Res 65(21):9611-9616

Angevin E et al (1999) Human renal cell carcinoma xenografts in SCID mice: tumorigenicity
correlates with a poor clinical prognosis. Lab Invest 79(7):879-888

Beniers AJ et al (1992) Establishment and characterization of five new human renal tumor
xenografts. Am J Pathol 140(2):483-495

. Coppin C et al (2011) Targeted therapy for advanced renal cell cancer (RCC): a Cochrane

systematic review of published randomised trials. BJU Int 108(10):1556-1563

Kopper L et al (1984) Renal cell carcinoma--xenotransplantation into immuno-suppressed
mice. Oncology 41(1):19-24

Beroukhim R et al (2009) Patterns of gene expression and copy-number alterations in von-
hippel lindau disease-associated and sporadic clear cell carcinoma of the kidney. Cancer Res
69(11):4674-4681

Hammers HJ et al (2010) Reversible epithelial to mesenchymal transition and acquired resis-
tance to sunitinib in patients with renal cell carcinoma: evidence from a xenograft study. Mol
Cancer Ther 9(6):1525-1535

Yuen JS et al (2011) Inhibition of angiogenic and non-angiogenic targets by sorafenib in renal
cell carcinoma (RCC) in a RCC xenograft model. Br J Cancer 104(6):941-947

Sanz L et al (2009) Differential transplantability of human endothelial cells in colorectal
cancer and renal cell carcinoma primary xenografts. Lab Invest 89(1):91-97

Ellis L et al (2012) Vascular disruption in combination with mTOR inhibition in renal cell
carcinoma. Mol Cancer Ther 11(2):383-392

Wang J et al (2009) A reproducible brain tumour model established from human glioblastoma
biopsies. BMC Cancer 9:465

Smith V et al (2008) Tissue microarrays of human tumor xenografts: characterization of
proteins involved in migration and angiogenesis for applications in the development of tar-
geted anticancer agents. Cancer Genomics Proteomics 5(5):263-273

Cunningham D et al (2004) Cetuximab monotherapy and cetuximab plus irinotecan in
irinotecan-refractory metastatic colorectal cancer. N Engl J Med 351(4):337-345

Fiebig HHD, Dengler WA, Roth T (1999) Human tumor xenografts: predictivity, character-
ization and discovery of new anticancer agents. In: FHHaBAM (eds) Relevance of tumor
models for anticancer drug development, Karger, Basel, Switzerland. pp 29-50

Nemati F et al (2010) Clinical relevance of human cancer xenografts as a tool for preclinical
assessment: example of in-vivo evaluation of topotecan-based chemotherapy in a panel of
human small-cell lung cancer xenografts. Anticancer Drugs 21(1):25-32

Hidalgo M et al (2011) A pilot clinical study of treatment guided by personalized tumorgrafts
in patients with advanced cancer. Mol Cancer Ther 10(8):1311-1316

Boven E et al (1992) Phase II preclinical drug screening in human tumor xenografts: a first
European multicenter collaborative study. Cancer Res 52(21):5940-5947

Heigener DF et al (2013) Prospective, multicenter, randomized, independent-group, open-
label phase II study to investigate the efficacy and safety of three regimens with two doses of
sagopilone as second-line therapy in patients with stage IIIB or IV non-small-cell lung can-
cer. Lung Cancer 80(3):319-325

Hammer S et al (2010) Comparative profiling of the novel epothilone, sagopilone, in xeno-
grafts derived from primary non-small cell lung cancer. Clin Cancer Res 16(5):1452-1465
Cottu P et al (2012) Modeling of response to endocrine therapy in a panel of human luminal
breast cancer xenografts. Breast Cancer Res Treat 133(2):595-606



40

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

D.O. Adeegbe and Y. Liu

Amado RG et al (2008) Wild-type KRAS is required for panitumumab efficacy in patients
with metastatic colorectal cancer. J Clin Oncol 26(10):1626—-1634

Karapetis CS et al (2008) K-ras mutations and benefit from cetuximab in advanced colorectal
cancer. N Engl J Med 359(17):1757-1765

Das Thakur M et al (2013) Modelling vemurafenib resistance in melanoma reveals a strategy
to forestall drug resistance. Nature 494(7436):251-255

Gelmon KA et al (2011) Olaparib in patients with recurrent high-grade serous or poorly dif-
ferentiated ovarian carcinoma or triple-negative breast cancer: a phase 2, multicentre, open-
label, non-randomised study. Lancet Oncol 12(9):852-861

Kortmann U et al (2011) Tumor growth inhibition by olaparib in BRCA2 germline-mutated
patient-derived ovarian cancer tissue xenografts. Clin Cancer Res 17(4):783-791

Scott CL et al (2013) Patient-derived xenograft models to improve targeted therapy in epithe-
lial ovarian cancer treatment. Front Oncol 3:295

Gerber HP, Ferrara N (2005) Pharmacology and pharmacodynamics of bevacizumab as
monotherapy or in combination with cytotoxic therapy in preclinical studies. Cancer Res
65(3):671-680

Bergers G et al (1999) Effects of angiogenesis inhibitors on multistage carcinogenesis in
mice. Science 284(5415):808-812

Arbuck SG (1989) Overview of clinical trials using 5-fluorouracil and leucovorin for the
treatment of colorectal cancer. Cancer 63(6 Suppl):1036-1044

Houghton PJ, Houghton JA (1978) Evaluation of single-agent therapy in human colorectal
tumour xenografts. Br J Cancer 37(5):833-840

Remon J, Chaput N, Planchard D (2016) Predictive biomarkers for programmed death-1/
programmed death ligand immune checkpoint inhibitors in nonsmall cell lung cancer. Curr
Opin Oncol 28(2):122-129

Bergamaschi A et al (2009) Molecular profiling and characterization of luminal-like and
basal-like in vivo breast cancer xenograft models. Mol Oncol 3(5-6):469—482

Ding L et al (2010) Genome remodelling in a basal-like breast cancer metastasis and xeno-
graft. Nature 464(7291):999-1005

Bhowmick NA, Neilson EG, Moses HL (2004) Stromal fibroblasts in cancer initiation and
progression. Nature 432(7015):332-337

Clarke R (1996) Animal models of breast cancer: their diversity and role in biomedical
research. Breast Cancer Res Treat 39(1):1-6

Fingert HJ et al (1987) Rapid growth of human cancer cells in a mouse model with fibrin clot
subrenal capsule assay. Cancer Res 47(14):3824-3829

Hoehn W et al (1980) Human prostatic adenocarcinoma: some characteristics of a serially
transplantable line in nude mice (PC 82). Prostate 1(1):95-104

Visonneau S et al (1998) Growth characteristics and metastatic properties of human breast
cancer xenografts in immunodeficient mice. Am J Pathol 152(5):1299-1311

Jin K et al (2010) Patient-derived human tumour tissue xenografts in immunodeficient mice:
a systematic review. Clin Transl Oncol 12(7):473-480

Suetsugu A et al (2012) Multi-color palette of fluorescent proteins for imaging the tumor
microenvironment of orthotopic tumorgraft mouse models of clinical pancreatic cancer spec-
imens. J Cell Biochem 113(7):2290-2295

Von Hoff DD et al (2013) Increased survival in pancreatic cancer with nab-paclitaxel plus
gemcitabine. N Engl J Med 369(18):1691-1703

Suzuki E et al (2005) Gemcitabine selectively eliminates splenic Gr-1+/CD11b+myeloid
suppressor cells in tumor-bearing animals and enhances antitumor immune activity. Clin
Cancer Res 11(18):6713-6721



Organoid Culture: Applications
in Development and Cancer

Israel Cafadas and David A. Barbie

1 History

The culture of primary human tissues ex vivo has historically been laden with chal-
lenges. Following the successful establishment of multiple different carcinoma cell
lines, most notably HeLa cells, which helped support viral research in the 1940s and
1950s, the difficulty of propagating normal diploid cells was recognized by multiple
investigators. Despite using similar 2-dimensional (2D) culture techniques that have
stood the test of time - adherent culture on petri dishes using Eagle’s Medium with
balanced salt solutions, 10 % calf serum, and penicillin/streptomycin - Hayflick and
Moorhead perhaps best defined the limits of studying normal human tissue in a dish
in 1961 [1]. Upon mincing fetal tissue they could derive multiple human diploid
fibroblast cultures, but invariably the number of subcultivations was limited below
60 passages, for which they coined the term cellular “senescence,” also commonly
known as the “Hayflick Limit.”

It was not until the late 1990s that the discovery of telomerase and the cloning of
the human catalytic subunit (h\TERT) enabled the immortalization of human diploid
fibroblasts, proving a direct association between this limit and telomere dysfunction
[2]. Even so, the immortalization of epithelial cells in 2D required also required the
inactivation of the pRB/p16 cell cycle checkpoint [3], and growth in 3-dimensions
(3D) via cellular transformation necessitated the abrogation of multiple checkpoints
by viral oncoproteins and expression of oncogenic RAS [4]. However, shortly fol-
lowing the discovery of hTERT, it was also recognized that its expression was not
only observed in germ cell tissues and tumors, but also in certain stem cell compart-
ments such as colonic epithelial crypts [5]. Given their self-renewing potential, it is
intuitive that a mechanism to maintain telomere length would be advantageous in
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this setting, but it would take the later isolation of intestinal stem cells to enable
direct confirmation of their elevated telomerase activity and downregulation upon
differentiation [6]. Thus, the ability to expand normal human tissue ex vivo, let
alone organoid structures, seemed like a distant reality even at the turn of the
millenium.

Ultimately in the late 2000s it was the seminal work in the study of intestinal
crypt biology by the laboratory of Hans Clevers in the Netherlands, coupled with
pioneering studies in neurogenesis by Yoshiki Sasai’s group in Japan, that provided
the blueprint for how to cultivate organoids ex vivo. What follows are detailed
descriptions of these discoveries, since they have spawned the emerging field of
organoid biology, with broad implications for the study of normal human develop-
ment and cancer.

Following up on their observation that inactivation of Wnt signaling depleted the
intestinal epithelial stem cell compartment in mice [7], the Clevers group set out to
identify specific Wnt regulated factors that might mark the stem cell compartment
in the small intestine and colon. By systematically analyzing the expression of
nearly 80 Wnt target genes, they honed in on Lgr5 as being uniquely expressed in
crypt base columnar cells [8]. Remarkably, using lineage tracing from an Lgr5
reporter strain in mice, they could show that this specific crypt cell could produce
all intestinal epithelial lineages, confirming its role as a true intestinal stem cell.
Because of this remarkable potential in vivo, the Clevers laboratory also considered
whether these Lgr5+ stem cells could be coaxed into forming such crypt-villus
structures in vitro, even in the absence of the native mesenchymal environment [9].
For their 3D culture system the considered the requirement of 4 different factors that
they hypothesized as necessary to enable organoid formation: (1) A laminin rich
Matrigel to provide architectural support, (2) The Wnt agonist R-spondin 1 to drive
important developmental Wnt signaling, (3) Epidermal growth factor (Egf) to pro-
vide a known intestinal cell proliferative signal, and (4) Noggin, a bone morphoge-
netic protein (BMP) antagonist that induces crypt expansion and is also used to help
maintain human embryonic stem (ES) or induced pluripotent stem (IPS) cells in an
undifferentiated state. Remarkably, these conditions enabled the ex vivo expansion
of these Lgr5+ stem cells into crypts that budded and ultimately formed an organoid
structure with a central lumen lined by a villus-like epithelium (Fig. 1—reprint with
permission). Furthermore, they could be propagated by mechanical dissociation and
replanting, with long term culture possible for more than 8§ months, and retention of
gene expression profiles that matched freshly isolated intestinal crypts, without
induction of stress-related genes. Additionally, detailed structural analysis of estab-
lished organoids revealed the presence of enterocytes with mature brush borders,
goblet cells, Paneth cells, and enteroendocrine cells, demonstrating the ability of
this system to recapitulate gut physiology in a dish. Thus, identification of the key
resident stem cell, coupled with growth conditions supporting the endogenous
developmental program, unleashed the potential to culture organoids from a variety
of tissues ex vivo.

Around the same time, Yoshiki Sasai’s laboratory in Japan was experimenting
with strategies in which to recapitulate neurogenesis from mouse ES cells in cell
culture. Previously, they had developed a technique using serum free culture of
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Fig. 1 Schematic representation of organoid differentiation strategies developed from human
PSCs. PSCs can be derived into the different germ layers in vitro with the indicated differentiation
protocols. After the initial germ layer specification, cells are transferred into 3D systems and gen-
erate organoids that recapitulate ex vivo the developmental steps that occur in vivo

embryoid-body like aggregates (SFEB) in suspension, and could demonstrate dif-
ferentiation into telencephalic progenitors (Bf1/FoxG1*), though at a frequency of
less than 50 %[ 10]. They therefore set out to develop culture conditions in which to
improve both the efficiency and differentiation capacity of these cells. By concen-
trating dissociated ES cells in a low cell-adhesion 96-well plate they could induce
“quick” re-aggregation (SFEBq), which not only improved the efficiency of Bf1*
progenitor generation up to 75%, but also enhanced their differentiation [11].
Remarkably, longer-term culture of these SFEBq aggregates resulted in organiza-
tion into a neuroepithelial sheet with a polarity similar to the known embryonic
structure, and dissociation at day 12 resulted in differentiation of neural progenitors
into postmitotic neurons. These neurons could integrate into cortical tissues, and
showed spontaneous Ca2+ oscillations over several millimeters, revealing their
physiologic potential. Even more impressively, by modifying developmental cues
through various supplementation with factors regulating Fgf, Wnt, and BMP signal-
ing they could generate higher order structures ex vivo that recapitulated cortico-
genesis. Subsequent work from their group expanded the potential of 3D neuronal
organoid culture, even demonstrating that the retinal primorium or optic cup could
be generated via an intrinsic self-organizing program [12]. Together with the work
from the Clevers group, these findings firmly established the ability to culture and
engineer organoid structures with remarkable complexity. Below we discuss how
these discoveries have currently impacted studies on mouse and human differentia-
tion and development, followed by their application to cell differentiation gone
awry, in tumorigenesis.
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2 Study of Development

Based upon this foundational work, in vitro 3D organoid cultures have emerged as
useful systems to study tissue development, organogenesis and stem cell behavior
ex vivo. Indeed, when grown in a 3D environment and in the presence of specific
combinations of niche factors, pluripotent stem cells (PSCs) or isolated organ pro-
genitors from a variety of different tissue types have the ability to differentiate and
self-assemble to form the cellular organization of the organ itself [9, 13, 14]. Thus,
organoids represent a convenient model system with the potential to study develop-
ment and increase our understanding of how mammals develop from a single toti-
potent cell to a complex adult organism. These organoid cultures provide the
opportunity to explore human development in a context very similar to development
in vivo, and, based upon their ability to recapitulate normal physiology, to study
adult homeostasis.

Organoid technologies include exogenous tissue patterning using combination of
growth factors that drive particular cell identities and extracellular matrix gel
embedding, followed by a reaggregation to stimulate cell movement and create self-
organized 3D tissue. By using this culture system as a model for studying organ
development, organoids derived from PSCs have been established for gut, liver,
kidney, brain and retina, among others (Fig. 1—reprint with permission). For exam-
ple, organoids for the gastrointestinal (GI) tract and retinal organoids have been
used to study comparative human and rodent tissue morphogenesis [15, 16], and
brain organoids have been used to evaluate the division of human neural stem cells
[17]. Below we detail several examples of how organoid culture has yielded impor-
tant insights into normal development of different organ types.

2.1 Intestinal Organoids

Several laboratories have generated intestinal organoids from PSCs of mouse or
human origin with an architecture and cellular composition remarkably similar to
the organ in vivo. In addition, these gut organoids displayed intestinal functions
such as absorptive and secretory activity.

As discussed above, the laboratory of Hans Clevers first showed that adult intes-
tinal Lgr5-expressing stem cells could form organoids when cultured in 3D in a
laminin-rich Matrigel. These organoids self-organized to form the crypt-villus
structures and all major cell-types that constitute the intestine in vivo [9]. These
adult-derived mouse organoids could even be transplanted into damaged mouse
colon to reconstitute a single-layered epithelium with self-renewing crypts that
were functionally and histologically normal [18]. In addition, this system facilitated
the identification of Paneth cells as a key component of the crypt niche that supports
LGRS cell development, and, as discussed in detail below, enabled long term cul-
ture of dysplastic epithelium from the colon and Barrett’s esophagus [19, 20].
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Similar principles have also been applied to generate gut organoids from PSCs of
human origin as a model for studying human intestinal development. For example,
human PSCs can be differentiated in vitro and form organoids with a very similar
architecture to the fetal intestine [21]. More recently, an in vivo model of the human
small intestine has been developed using pluripotent stem cells, further enabling the
study intestinal physiology and disease [22]. Similarly, for the upper gastrointesti-
nal tract, human gastric organoids have been developed that resemble the human
stomach through directed in vitro differentiation of human embryonic stem cells
and PSCs [23]. Together, these studies describe robust in vitro systems to study the
mechanisms underlying human GI development.

2.2 Liver Organoids

Even before the development of these more sophisticated organoid culture tech-
niques, early developmental studies showed that dissociated chick embryonic
hepatic tissue can reaggregate and organize into secretory units typical of the liver
and consistent with the formation of functional bile ducts [24]. Moreover, recent
advances showed that an Lgr5+ progenitor population in the adult mouse liver could
form 3D liver organoids when grown in Matrigel. These liver organoids could also
be differentiated in vitro to generate functional hepatocytes and transplanted into a
mice model of liver disease to partially rescue mortality [25, 26]. A different
approach was recently established starting with human PSCs and generating tissues
reminiscent of human liver buds [27]. In this case three cell populations were mixed
in Matrigel (human PSC-derived hepatic cells, human mesenchymal stem cells and
human endothelial cells) to reproduce the early cell lineages of the developing liver.
This mixed-cell population generated 3D liver buds that could be ectopically trans-
planted into mice and performed liver-specific functions. In addition, transplanting
human liver buds improved survival in mice subjected to liver injury. Together,
these models not only hold promise for further study of hepatogenesis, but may also
have future applications in liver transplantation.

2.3 Kidney Organoids

Early reaggregation experiments demonstrated evidence that kidney tissue was
capable of self-organization, showing various segments of the nephron and develop-
ing the stereotypic organization of the kidney [24, 28]. Recent methodologies used
combinations of growth factors to induce renal differentiation. Specifically, culture
of kidney PSCs in defined conditions can induce self-organization and generate 3D
renal tissues. For example, the exposition of human PSCs to Bmp4 and Fgf2 gener-
ated ureteric bud identities, followed by application of retinoic acid, Bmp2 and
activin A. To allow further maturation, differentiated cells were co-cultured with
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mouse embryonic kidney cells to form 3D chimeric organoids [29]. Another study
showed that the sequential application of activin A followed by Bmp4 and the Wnt
agonist to mouse and human PSCs induced posterior mesoderm differentiation. The
application of retinoic acid followed by Fgf9 stimulated cells to assume a meta-
nephric mesenchyme identity. By coculturing with embryonic spinal cord, this tis-
sue could produce well-organized nephric tubules and glomerular-like structures
[30]. Similarly, stimulation of embryonic stem cells with activin A and Bmp4 gen-
erated primitive streak identity. Upon exposure to Fgf9 these cells acquired an inter-
mediate mesoderm identity and spontaneously developed further into ureteric bud
and metanephric mesenchyme in the absence of other growth factors. Of note, reag-
gregation experiments with these cells in 3D allowed more complex tissues generat-
ing small, self-organized kidney organoids [31]. Similar to hepatic organoids, the
development of these technologies to regenerate the human kidney ex vivo holds
future promise for treatment of end stage renal disease.

2.4 Brain Organoids

There is an increasing knowledge about the generation of brain organoids in vitro to
study the development of this highly complex organ. Even prior to the work of Sasai,
pioneering reaggregation studies using chick neural progenitors demonstrated the
intrinsic self-organizing capacity of this organ [32]. Several other studies also used
multipotent neural stem cells (NSCs) from PSCs or isolated neuroepithelium to study
in vitro neural differentiation; however, because these studies used 2D methodologies,
they had many limitations modeling the overall organization of the brain [33]. For this
reason, the aforementioned work using alternative 3D culture methods to recapitulate
brain tissue organization has been instrumental in demonstrating that particular brain
region identities can be generated and self-organize with axial polarity, even from
human ES cells [34]. Other regions can also be generated when maintaining cells with
specific growth factors. For example, Hedgehog signaling derived ventral forebrain
tissue and either Bmp4 and Wnt3a stimulation generated granule neurons [35, 36].
Recently, researchers have also established a method to develop different brain regions
in the same organoid. In this case embryoid bodies were embedded in Matrigel, pro-
moting outgrowth of large buds of neuroepithelium, which then expanded and devel-
oped into various brain regions, leading to the term “mini-brains”[17]. Thus, brain
organoids represent a powerful tool to perform functional studies and to clarify devel-
opmental pathways of perhaps the most complicated of all organs.

2.5 Retinal Organoids

The vertebrate retina has represented one of the most powerful reaggregation mod-
els in tissue engineering studies for investigating the basis of neural layer develop-
ment [37]. As discussed above, the advent of brain organoid culture techniques by
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the Sasai laboratory was extended to the retinal epithelium, which could be gener-
ated by using EB aggregates from mouse embryonic stem cells cultured in Matrigel
with low serum media [12]. Under these conditions, aggregates spontaneously
formed buds of retinal primordial tissue similar to the optic vesicle. These retinal
organoids mimicked early retina, displaying markers of neural retina and retinal-
pigmented epithelium, retinal stratification with proper apical-basal polarity and
morphological tissue shape changes that mimic the stepwise evagination and invagi-
nation of the optic cup in vivo. Interestingly, optic cup organoids have also been
generated from human PSCs, characterized by some differences when compared to
the mouse retina, such as the larger size and the presence of apical nuclear position-
ing [16]. Similar to the other systems, because these organoids recapitulate the main
aspects of retinal development, they represent a valuable tool for studying the cel-
lular mechanisms driving retinal morphogenesis, and perhaps for future treatment
of retinal degeneration.

3 Cancer Models

As discussed above, cancer cell lines helped to establish initial 2D culture tech-
niques; however, while valuable resources, they represent only a subclone of the
original tumor and have adapted to growth in artificial conditions. To better under-
stand cancer biology and improve preclinical translation into effective therapies,
cancer patients are in need of more faithful model systems. Beyond cancer cell
lines, patient derived xenografts (PDXs) from primary human tumors have also
become a fundamental tool in cancer research and drug discovery [38, 39]. However,
additional preclinical cancer models are necessary to overcome the limitations
between cell lines, a simple but facile model for high-throughput screening, and
PDXs, more complicated and costly, but physiologically relevant.

3D culture of cancer cells as epithelial organoids can generate cellular structures
that recapitulate the tissue organization, functional differentiation and the chemical
and mechanical signals of the original tumor tissue [20]. Indeed, because cancer
organoids can theoretically be derived from tumor tissue for each individual patient,
they represent an attractive ex vivo assay to study human cancer biology [40]. Short-
term organoid cultures contain most of the components of the original tissue, includ-
ing tumor cells, endothelial and immune cells and fibroblasts. Thus, they represent
an attractive model to recapitulate the human tumor biology, enabling the interac-
tions between neoplastic cells together with extracellular matrix, tumour vascula-
ture and immune cells. Moreover, because cancer cells usually can grow
independently of niche factors, the culture conditions of cancer organoids are less
stringent when compared with wild-type organoids. For example, the Hans Clevers
laboratory successfully generated primary patient-derived organoids from cancer-
ous colon and could maintain them in long-term culture [20].

In addition to their use for the study of human tumor biology, cancer organoids
have also a potential role as an ex vivo screening platform for testing efficacy and
toxicity of drug compounds. These cultures are established in a relatively short time
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Fig. 2 Overview of the procedure to perform high-throughput screens using organoids derived
from primary tissue. Genomic characterization, RNA analysis and high-throughput drug screening
of 3D organoids cultures derived from healthy and tumor tissue to identify gene-drug associations
that may facilitate personalized therapy

frame, are easy to manipulate and allow high-throughput screens (Fig. 2—reprint
with permission). Importantly, human cancer organoids retain the heterogeneity of
genetic alterations present in patient samples, reflecting genetic lesions and gene
expression patterns. For example, organoid cultures from colorectal cancer have
been successfully established from biopsies of metastases with preservation of the
genetic diversity. Detailed genetic analysis further demonstrated that these organ-
oids reflect the metastasis from which they were derived [41]. Using a 3D organoid
system, Gao et al established long term organoid cultures derived from biopsy spec-
imens and circulating tumor cells from patients with advanced prostate cancer. Of
note, these cancer organoid lines recapitulated the molecular diversity of prostate
cancer subtypes and represent a powerful genetically manipulatable model for drug
testing in vitro and in vivo [40].

Notably, Hans Clevers and colleagues recently reported the establishment of
tumor organoid cultures from 20 consecutive patients with colorectal cancer, fact
that they called a “living organoid biobank™. Interestingly, these organoids closely
recapitulated the properties of the original tumors. Gene expression analysis showed
that this organoid biobank represented the main colorectal cancer molecular sub-
types. Importantly, they successfully developed a high-throughput drug screen in
order to identify clinical biomarkers of response using cancer organoids. To this
aim, they correlated drug sensitivity with genomic features to identify molecular
signatures associated with altered drug response [42]. Similarly, together with the
Tuveson laboratory, they established the feasibility of compiling a tissue bank of
mouse and human ductal pancreatic cancer organoids, which recapitulated known
alterations and enabled proteomic discovery of novel factors that promote pancre-
atic cancer progression [43].

Interestingly, another recent approach successfully showed that colorectal cancer
can be modeled through genetic engineering of human organoids from normal colon
tissue. Toshiro Sato and colleagues recently used the CRISPR-Cas9 genome-editing
system to introduce multiple mutations into organoids derived from normal human
intestinal epithelium. Organoids engineered to express several mutations in tumor
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suppressor genes common in colorectal cancer grew independently of niche factors
in vitro and formed tumors after implantation in mice [44]. Additionally, cancer
organoids could be generated following introduction of four of the most commonly
mutated colorectal cancer genes (APC, TP53, KRAS and SMAD4) in cultured human
intestinal stem cells [45]. These mutant organoids grew independently of niche fac-
tors and upper xenotransplantation into mice also generated tumors with features of
invasive carcinoma. Other groups have been able to induce oncogenic transforma-
tion of mouse primary gastric, pancreatic and colon organoids [46]. Pancreatic and
gastric organoids showed dysplasia after the expression of KRAS?P, TP53 loss or
both, generating adenocarcinomas after in vivo transplantation. In contrast, primary
colon organoids required the mutation of APC, TP53, KRAS and SMAD4 to induce
an invasive adenocarcinoma

In sum, the development of organoid culture technology has enabled the unprec-
edented opportunity to study primary tumors ex vivo, and to model genetic cancer
progression in a more physiologic fashion.

4 Perspectives

It is clear that much remains to be learned about human developmental biology, and
the ability to recapitulate organ development outside of the body will have major
ramifications of our understanding of normal physiology. In addition, much excite-
ment exists regarding the potential for therapeutic tissue regeneration, although
multiple hurdles still remain and will require effective engraftment of organoids
back into the host. While cancer organoids also represent an impressive technology
to grow tumors ex vivo, important limitations must also still be overcome. In par-
ticular, organoid technologies largely focus on the tumor epithelial specific compo-
nent and not the tumor microenvironment, which is lost over time in culture.
However, increasing evidence supports a critical role of the tumor microenviron-
ment in shaping cancer progression and therapeutic response [47-49]. Indeed,
tumor formation and progression involves the co-evolution of cancer cells together
with the extracellular matrix, endothelial and immune cells and fibroblasts. A con-
tinuous interaction exists between tumor cells and non-tumor cell components
through direct cell contact or by the secretion of signaling factors such as cytokines,
chemokines and growth factors [50, 51]. It is also becoming increasingly clear that
the tumor microenvironment can significantly affect the response to anticancer
drugs. The recent identification of mechanisms of therapeutic resistance affecting
not only the tumor cells, but also their environment, indicates the importance of the
study of tumor cell extrinsic compartments on drug resistance [52, 53]. Thus, an
important need exists for more sophisticated pre-clinical cancer models that reca-
pitulate human tumor biology and predict response and resistance to cytotoxic or
targeted cancer therapies.

As discussed in other chapters, microfluidic culture systems have been devel-
oped and are being optimized to recapitulate the tumor microenvironment [54].
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This novel microfluidic 3D cell culture technology efficiently incorporates an
extracellular matrix (e.g. collagen, matrigel, or fibrin), with co-culture to enable
cell-cell interactions that reflect the endothelial and/or immune-cancer cell inter-
face, and allowing controlled analysis of growth factor and cytokine mediated
effects. Therefore, this 3D system more closely recapitulates cancer cell behavior in
the extracellular matrix, capturing features of the tumor microenvironment and, of
note, enabling inhibitor studies in a more physiologic environment. Combining
organoid culture with these more complex ex vivo systems rather than traditional
well-based matrigel culture would enable more elegant studies of interactions with
tumor endothelium and secreted factors that influence behavior in vivo. Hence, 3D
microfluidic technologies represent a powerful platform to co-culture patient-
derived cancer organoids with stromal, vascular and/or immune cells in order to
accurately model tumor complexity and heterogeneity (Fig. 3). Even more impor-
tantly, given the emergence of immunotherapy, the ability to culture tumors ex vivo
and maintain or reintroduce immune cells could have major implications for the
exploding field of immuno-oncology. Since several of these microfluidic technolo-
gies enable testing the effects of specific drugs, antibodies, and cytokines [55, 56],
these technologies will likely facilitate study of immune directed cancer therapies
and a manner not previously possible, and perhaps may ultimately provide a platform
for personalizing immunotherapy.

Patient-derived cancer organoids Microfluidic 3D cell culture systems
e - ad

Modeling tumor complexity and heterogeneity

‘— Cancer organoids

T

Endothelial cells Immune cells

Growth media channel l Growth media channel

Extracellular matrix gel embedding

Fig. 3 Modeling tumor complexity and heterogeneity using microfluidic 3D cell culture technol-
ogy. Microfluidic 3D culture systems represent a powerful platform to co-culture patient-derived
organoids with stromal, vascular and/or immune cells in order to recapitulate the tumor microen-
vironment, enabling more complex studies of interaction with tumor endothelium and secreted
factors that influence tumor behavior in vivo
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1 Components of the Tumor Microenvironment

Initiation, progression, and metastasis of solid tumors are strikingly affected by
interactions of tumor cells with their surrounding stroma. Additionally, these inter-
actions play a major role in development of drug resistance in solid tumors.
Interactions of tumor stroma and leukocytes influence anti-tumor immunity and
response to immunotherapies. Thus, there is growing interest in understanding the
tumor-stromal interactions within the tumor microenvironment (TME) and how
they contribute to tumor progression [1].

Cancer cell division and metastasis results in alteration in the TME at the molec-
ular, cellular, and physical level. The resulting tumor microenvironment thus con-
tains a variety of non-malignant cells (e.g., blood endothelial cells, lymphatic
endothelial cells, mesenchymal cells, and immune cells) as well as extra cellular
matrix and inflammatory mediators secreted by the present cells [2—4]. It is known
that solid tumors have incomplete basal lamina, resulting in close interactions
between the TME and tumor cells. Dynamic interaction with TME begins at early
stages of cancer cell malignant growth and continues as the disease progresses.
Thus TME affects cancer cell growth and metastasis as well as therapeutic outcome
[5-7].

TME composition varies across different cancer types, but there are similar com-
ponents across almost all solid tumors. Most tumors have disorganized and leaky
vasculature, they are infiltrated by innate and adaptive immune cells that could have
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protumor and antitumor functionality. Apart from immune cells, TME also contains
a variety of non-hematopoietic cells such as blood endothelial cells, lymphatic
endothelial cells, mesenchymal stem cells or their differentiated forms, cancer asso-
ciated fibroblasts, and pericytes. Other less abundant cell types include neurons,
fibrocytes, adipocytes, and follicular dendritic cells [1].

1.1 Immune Microenvironment

The immune system can recognize tumor cells and remove them from the body
either naturally or via therapeutic intervention. To achieve anti-tumor immunity
certain events in the cancer-immunity cycle need to occur [8]. The cycle begins
when tumor cells released by antigens are picked up by dendritic cells (DCs) and
transported to lymph nodes (LN) via lymph vessels. When they arrive to the tumor
draining LNs, DCs activate antigen specific CD4+ and CD8+ T cells by presenting
tumor derived peptides on MHC molecules. When activated, T cells enter the blood
stream from LN and circulate in the body. In the next step, T cells extravasate
through the blood stream into the tumor environment. Chemokine gradients and
adhesion molecules are important for this step. T cells can detect cells that present
their cognate antigen in the TME and destroy them. Additional antigens are released
following cancer cell death. A new cancer-immunity cycle begins when these anti-
gens themselves are transported to the LN.

The ideal condition would be that cytotoxic immune cells remove all cancerous
cells and prevent future tumor progress by building tumor specific immunological
memory. But T cell immunity can be impaired at any of the steps described above,
due to the complex TME-immune system interactions. Altered or overexpressed
genes make up the antigens released by the tumors, this results in self-antigen pre-
sentation in the LN, which in turn causes peripheral tolerance. Factors such as che-
mokine gradients or disorganized vascular networks can be an obstacle for activated
T cells to reach the tumor bed. Such self-antigen presentation in the LN can result
in peripheral tolerance. Within the tumor itself, inhibitor cells and molecules can
disrupt T cell functionality [9].

Immune checkpoint inhibitors have shown great promise in treating a variety of
cancers. These immunotherapies remove the break of the immune system by block-
ing molecules such as cytotoxic T lymphocyte antigen 4 (CTLA4), programmed
cell death protein 1 (PD1), and programmed cell death ligand 1 (PDL1). For exam-
ple, PDL1 when bound to PD1 on activated T cells, inhibits T cell activation and
survival, suppressing immune response to tumors. Antibodies that block PD1-PDL1
increase tumor cell killing via CD8+ T cell. Despite the great promise of immune
checkpoint inhibitors, not all patients within a given diagnostic group respond to
such immunotherapies. It is crucial to identify immunosuppressive mechanisms
within the TME that can prevent responsiveness to therapy to increase the patient
population that can benefit from immunotherapeutics [1, 10—12].
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1.2 Flow in TME and the Effects on the Tumor Stroma

Recent studies of antibodies that block the inhibitory molecules CTLA4, PDI,
PDLI1 have demonstrated that lymph vessels within the TME play a major role in
tumor metastasis. Fluid balance between interstitium and lymph is disrupted in
solid tumors [13-15]. The rapid growth of tumor mass and resultant hypoxia
together promote angiogenesis [16]. Tumor angiogenesis creates leaky tumor ves-
sels and causes macromolecules (e.g., albumin) build up in tumor tissue.
Simultaneously, remodeling of ECM at the tumor margin generates mechanical
stress [17, 18]. Together with leaky vessels, this results in increased interstitial fluid
pressure (IFP). Tumor IFP can rise to the level of capillary pressure (10-40 mmHg)
[14, 16, 18, 19], whereas tissue pressures are usually very low or even negative
(—2-0 mmHg) [20]. Anti-angiogenic agents have been shown to decrease tumor IFP
[19, 21]. Increased IFP creates pressure gradients at the tumor margin [22, 23] that
produces higher interstitial flow in the tumor stroma and surrounding lymph ves-
sels. In addition to promoting angiogenesis, tumors also induce lymphangiogenesis.
Invasion, metastasis, and poor prognosis are associated with increased lymphangio-
genesis and higher expression of VEGFC and VEGFD. Raju et al. found that
increased IFP resulted in higher lymphatic density, and in turn cancer progression in
rats with squamous cell carcinoma [24]. Additionally, high interstitial flow exerts
mechanical stress on the ECM and stromal cells [25]. This results in higher expres-
sion of TGFp and its activation as well as differentiation of myofibroblasts resulting
in stromal stiffening. Better understanding of the relationship between lymph flow,
stromal alterations, and how they contribute to tumor immunity is a step toward
development of new immunotherapies [15].

2 Strategies for Studying the Tumor Microenvironment

2.1 Conventional TME Models

Traditional methods for studying cells of TME involve cell culture and use of ani-
mal models. Culture methods began primarily by culturing cells on 2D surfaces. It
has now become evident that 2D cultures oversimplify the tumor microenvironment
and lack physiologic relevance [26]. For example, it has been shown that only cells
in 3D culture are round shaped and demonstrate similar clustering as tumors in vivo
[27, 28]. Moreover, expression profile of genes involved in important metastatic
steps (angiogenesis, cell migration, and invasion) varies in 2D versus 3D cultures.
Thus 3D microenvironment of tumors must be included to increase the physiologic
relevance of in vitro models [29-33]. 3D cultures could be scaffold free as in tumor
spheroids, or scaffold-based [34]. Tumor spheroids have been particularly advanta-
geous for testing chemotherapeutics due to their tumor like features, but have not
been widely used in drug discovery yet, mostly due to technical difficulties.
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Scaffold-based 3D cultures are useful for studying tumor migration and invasion in
the TME [35, 36]. Scaffold material itself can be functionalized to obtain desired
chemical and biological characteristics [37]. Scaffold materials and their applica-
tion in cancer research have been extensively reviewed in the literature [29].

Other popular strategies for studying TME are ex vivo or in vivo models, such as
patient derived xenograft (PDX) models. Ex vivo models improve upon 2D cultures
by conserving the cell matrix. In these methods, tumor tissue from human or ani-
mals is cultured on a porous substrate and embedded in an ECM like matrix [38,
39]. 3D cultures more accurately mimic cell behavior. The disadvantage of ex vivo
culture methods is the absence of mechanical forces such as shear stress [29].

Animal models have allowed researchers to predict drug behavior and efficiency
and provide the complex tumor environment. However, because the cells are inher-
ently different in animals compared to humans, all cellular functions (metabolism,
proliferation, and metastasis) will be inevitably different. The difference in immune
function adds to this complexity and reduces the predictive power as well. Moreover,
there is growing emphasis on less use of animals as research subject [40, 41].

PDX models improve upon the disadvantage in inherent cell difference by
engrafting primary tumor samples onto immune deficient mice, allowing identifica-
tion of biomarkers of response or resistance to drug. They provide an important tool
toward personalization of medicine [42]. PDX models offer significant advances
over traditional cancer cell line-based studies, but this model system requires expen-
sive cohorts of immunocompromised mice as well as a long period time to establish
sufficient number of tumors. Because of this problem of scale PDX models have
limited ability to test multiple drug concentrations and/or combinations. Thus, devel-
opment of better experimental platforms is required to evaluate response to therapies
in real time and further progress toward personalized cancer medicine [42].

2.2 Microfluidic Devices

A critical need exists for physiologically relevant experimental platforms that reca-
pitulate the tumor microenvironment. Some of the main challenges facing conven-
tional culture methods were issues of vascularization in the TME, metabolism and
application of mechanical forces. Microfluidic platforms have emerged as powerful
tools that allow high levels of control over substrate structure, application of mechan-
ical forces, chemical gradients and can more accurately represent the in vivo TME.

Microfluidic devices provide distinct advantage by enabling interaction between
multiple cell types in 3D, they allow real time monitoring of the response to stimu-
lants of interest (e.g., drugs, mechanical forces) and permit control over those stim-
ulants. Thus, microfluidic technologies via their distinct advantages have clear
potential for studying the metastatic cascade. Their unique imaging capabilities are
specially useful for such studies as well [43, 44]. Metastasis occurs in multiple
steps, and is often difficult to observe and track in vivo. Epithelial to mesenchymal
transition (EMT), invasion, intravasation, transport of circulating tumor cells
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(CTCs), extravasation in other tissues, and eventually forming new masses at the
new site are the steps for the metastatic cycle [45]. Special equipment and expertise
are required for intravital imaging in vivo and the depth in which the organ is located
might negatively affect image resolution. Another issue is the scale (number of
cells) involved in each metastatic step [46]. If the events of interest are rare occur-
rences, this poses yet another challenge for in vivo imaging. A critical need exists
for thorough understanding of the metastatic cascade, as each step could be targeted
for therapeutics to slow down or eliminate metastasis. Microfluidic technologies are
increasingly being used to model each of these steps individually.

Intravasation occurs when cancer cells migrate across the endothelium into the
blood stream. Extravasation on the other hand is migration from blood circulation to
the adjacent tissues. Interaction with blood or endothelial cells is inevitable for some
of these steps such as intravasation or extravasation. It is thus evident that presence
of endothelium is essential for studying cancer and should be included in microflu-
idic devices. With this in mind, several investigators have cultured endothelial cells
in PDMS microchannels [47-51]. Having the endothelial monolayer while culturing
cancer cells in the hydrogel, allowed researchers to study intravasation [48, 50]. For
extravasation [47, 49, 51] or adhesion studies [51-53], cancer cells are directly
embedded in the channel. Microvascular networks can be formed via self-organization
of ECs that are suspended in hydrogel in presence of fibroblasts [54, 55] or mesen-
chymal stem cells [56]. There is growing interest in using microvascular networks
[49, 57-59] as they provide more realistic dimensions, morphology, and permeabil-
ity relative to in vivo vascular beds [57]. Microvascular networks can be made in
well plates, but in the microfluidic devices microvascular networks can be grown in
hydrogel supported by the microchannels themselves, this allows the lumen of the
vessel to remain open, allowing perfusion through the network. For the purpose of
extravasation studies, cancer cells could be introduced to the system as well [57]. In
traditional 2D extravasation models (e.g., Boydon chamber) ECs are seeded into a
permeable membrane and placed in a well plate, but the problem with this system is
imaging. Trasnwells do not allow for high-resolution single cell imaging because of
the long distance between the membrane and the objective, microfluidic devices
provide a better imaging capability. Additional advantages come from more realistic
3D vessel architecture and EC barrier function [57]. Microfluidic technologies can
take advantage of the capabilities of microvascular networks to study EC-cancer cell
interaction and dynamics as well as other cell types. As mentioned before, these
assays can be used for study of every step of the metastatic cascade.

2.2.1 Cell Migration

Microfluidic devices enable observation of cancer cell dispersion and migration
from spheroids to the collagen gel to provide understanding of EMT and invasion
[60, 61]. It has been observed that migratory cells express EpPCAM on a lower level
compared to the cells that remain in the spheroid, suggesting that these cells have
undergone EMT, as occurs in vivo. Other studies have shown that an invasive
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phenotype in breast cancer cells results in collagen remodeling and is promoted by
human mammary fibroblasts [62, 63]. Another study observed increased invasion of
a cancer cell line into the hydrogel as metastatic potential increased [52]. A similar
increase was detected under hypoxia [64] or in presence of CXCLI12 or matrix
metalloproteinase (MMP) inhibitors.

2.2.2 Intravasation Models

Microfluidic intravasation assays have shown increased cancer cell transmigration
across an EC monolayer in the presence of TNF-alpha [48, 50] and macrophages
[50], in agreement with in vivo observations [44]. Using a Boyden chamber with
microfluidic channels it was shown that luminal and transmural flow increased
intravasation through a lymphatic monolayer [65]. Enhanced intravasation was
observed under hypoxia in a vascularized spheroid of cancer cells in a well plate
[58]. It was reported that the observation depended on transcription factor SLUG, in
agreement with in vivo results [66]. It is necessary to repeat these experiments in the
advanced microfluidic devices and take advantage of their novel capabilities (e.g.,
microvascular networks).

2.2.3 Adhesion Models

Adhesion of single cancer cells or cell aggregates onto an EC monolayer in micro-
fluidic devices demonstrated that E-selectin expression in HUVEC, CXCL12 [53],
and shear stress [49] could mediate adhesion.

2.2.4 Extravasation Models

Observation of extravasation in microfluidic devices has shown that breast cancer
cells extravasate within 24 h through the transient gaps between the ECs of a micro-
vascular network [47, 57]. Extravasation of tumor cell aggregates on the other hand
was followed by irreversible disruption of EC monolayer [51]. Presence of osteo-
like cells resulted in increased extravasation rate [67], indicating the preference of
breast cancer cells to metastasize in bone (organ selectivity) as has been observed
in vivo. An increase in extravasation was also observed by presence of CXCL12
[49]. AMD3100 (which is a CXCR4 receptor antagonist that is currently in clinical
trials) blocked extravasation [51]. An alternative method used for studying extrava-
sation is measuring cell deformability through narrow gaps either in 2D or channels
filled with hydrogels [68].

Better understanding of micrometastasis events following extravasation is of
high importance. This stage is known to be the least efficient step in metastasis
cascade and has a great potential for therapeutic targeting for impeding metastasis.
Microvascular networks in well plates have been used to study processes beyond
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extravasation [59], and microfluidic platforms have great potential for such studies.
Quantification of cancer cell proliferation or invasion in the ECM occurring shortly
following extravasation showed that CXCL12 increased the invasion [51]. Currently,
only a single study has attempted to investigate multiple metastatic steps in the same
microfluidic device. The study combines invasion of cancer cells from hydrogel and
then adhesion to a monolayer of ECs [52].

Addressing organ selectivity in metastasis is another important challenge [69].
Understanding the organ-specific cancer cell interactions can help develop new
therapeutics for preventing metastasis in secondary organs. As cancer cells interact
with their environment, they interact with organ-specific cells, resulting in organ
selectivity [5, 70, 71]. Microfluidic devices are well suited for studying these inter-
actions because they allow control over distribution of cells of different types to
resemble organ specific cells in vivo. Organ specific phenomen a have been studied
using organ specific cell types [67] or chemokines [51] in microfluidic devices.
Another study modeled the air-liquid interface to represent the pulmonary airways
[72]. Microfluidic assays have the potential to grow in terms of complexity by
including other stromal cells or immune cells to study their role in metastasis as
well as response to therapeutics.

2.2.5 Epithelial-Mesenchymal Transition Model

A majority of cancers are of epithelial origin, and the progression of carcinoma has
been hypothesized to involve epithelial-mesenchymal transition (EMT). EMT has
also been implicated in the formation of tumor-initiating or cancer stem cells and in
drug resistance. Aref et al. demonstrated a tumor microenvironment model based on
a microfluidic device (Fig. 1) capable of (1) recapitulating the physical and
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Fig. 1 Schematic and photograph of a 3D co-culture microfluidic device. (a) Schematic diagram
of the layout of the device depicts the inlets for injecting cells, filling with collagen, and replenish-
ing medium. (b) Enlarged view of the gel region and the HUVEC-lined channel. Cytokines in
conditioned medium from the HUVEC monolayer diffuse into the gel region, triggering spheroids
to undergo EMT. (c¢) Photograph of the PDMS-molded device bonded on a glass cover-slip
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Fig. 2 Fluorescent images in time-series showing A549 cell dissemination in the 3D collagen gel.
(a) Control condition in the presence of a HUVEC monolayer in the side channel, i.e. 3D co-
culture. (b) AKT-targeted drug (300 nM of MK-2206) applied in the presence of a HUVEC mono-
layer. Red: nuclei of A549 cells (Human lung cancer cell line); green: HUVEC (Color figure
online) [73]

biochemical contexts that allows for the manifestation of EMT of cancer cells in
3D, in the presence of human endothelial cells; and (2) quantitatively monitoring
the EMT inhibitory effects of drugs [73].

As a step toward a more realistic in vitro assay, they developed a 3D microflu-
idic system, and accompanying image analysis process to characterize the statistics
of anti-metastatic drug responses. Their results confirmed the importance of grow-
ing cells in 2D vs. 3D. Furthermore, they demonstrated that presence of other cell
types, in this case endothelial cells, can significantly alter the levels of drug required
to inhibit EMT (Fig. 2). The system was also used to obtain a mechanistic under-
standing of cell signaling in early metastasis. These studies therefore offer a new
approach in drug screening with the potential to better replicate the in vivo
microenvironment.

2.2.6 Cytokines Secretion Model

Models for disease processes are critically important for improving understanding
and developing new therapeutics. Microfluidic assays provide unique capabilities
for mimicking the local microenvironment in terms of multiple cell types, and for
controlling and monitoring chemical gradients and cellular interactions. Zhu and
Aref showed that a 3D system more closely recapitulates cancer cell behavior in the
extracellular matrix, captures key features of the tumor microenvironment, and also
enables inhibitor studies [74]. Incubation of A549 cells with CCL5- and
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Fig. 3 (a) Phase-contrast images of A549 spheroids at 0 (x20), 18, and 36 h (x10) following EGF
stimulation (20 ng/mL)+neutralizing antibodies against CCL5 (100 ng/mL), IL-6 (100 ng/mL), or
the combination. (b) Mean = SD number of dispersed cells per spheroid from triplicate devices shown

IL-6-neutralizing antibodies in 2D culture had a minor effect on proliferation
(Fig. 3a). In contrast, combined CCL5 and IL-6 blockade completely suppressed
A549 cell proliferation in response to EGF in 3D culture, compared with neutraliza-
tion of either of the cytokines alone (Fig. 3b).

2.2.77 Targeting Cytokines Network in Breast Cancer

The microfluidic technology holds great promise in a variety of settings. A recent
study at Dana-Farber Cancer Institute showed that addition of CCL5 and IL-6 to the
media in 3D culture models, not only promoted tumor spheroid dispersal but also
stimulated proliferation and migration of endothelial cells [75]. These cytokines
have been reported in a lung cancer model before.

They reported that in 3D culture, CCL5 and IL-6 not only promoted MDA-MB-468
cell migration and proliferation as effectively as EGF but they also completely rescued
the inhibition of spheroid dispersal by CYT387. Taken together, these observations
demonstrate that IKBKE-driven CCL5 and IL-6 directly contribute to TNBC migration
and proliferation of tumor spheroids, which is disrupted by CYT387 treatment. TBK1/
IKBKE-regulated cytokines also influence the tumor microenvironment and angiogen-
esis in particular. They therefore used another 3D device optimized to study the effects
of IKBKE-induced CCLS5/IL-6 on HUVEC behavior in collagen (Fig. 4) [76].

2.2.8 Overcome Resistance for the FGFR Inhibitors

Another study conducted by Gray’s group combines drug screening and microflu-
idic technologies to describe a novel kinase inhibitor design strategy that uses a
single electrophile to target covalently cysteines located in different positions within
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Fig. 4 Compared with control media, diffusion of CCL5/IL-6-attracted HUVECsS into collagen
(original magnification, x20) over the course of 24 h. Cotreatment with the MEK inhibitor (MEKi),
GSK1120212, at 10 nM strongly inhibited this effect. Mean and SD of cell migration per number
from three independent devices are reported

the ATP-binding pocket. Two new generation FGFR inhibitors FIIN-2 and FIIN-3
were evaluated using 3D dispersion assays in a microfluidic device. Compared with
conventional 2D assay, the 3D assay creates a 3D microenvironment that allows
better evaluation of drugs that inhibit cell migration or epithelial-mesenchymal
transition [77].

3 Applications and Opportunities

Immunotherapy has demonstrated striking durable responses in treatment of diverse
cancer types. Increasing the number of patients who respond to immunotherapies
and improving the therapeutic efficacy using combinatorial therapies are now an
important area of focus for this type of therapeutics. It is also crucial to understand
the reasons behind responsiveness and unresponsiveness of certain types of cancer
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to immunotherapy. Deeper understanding of the underlying processes in these areas
can accelerate translation of immunotherapies to clinic. A major technological need
exists for development of robust models that enable culture of primary human can-
cers and mimic the principal components of the tumor microenvironment (including
the immune environment) [78]. Microfluidic technologies enable characterization
of the tumor at the time of diagnosis as well as assessment of its immune environ-
ment. This can help identify the type of defense mechanism recruited by the tumor
and allow more accurate prediction of tumor response to immunotherapies. The
knowledge obtained by such assessments can be used to develop personalized treat-
ment strategies for patients. Microfluidic assays also present a powerful predictive
tool for treatment outcome. Implementing patient-derived tumors in vitro more
accurately recapitulates major players in the TME, thus the predictions obtained
will be more reliable. Furthermore, with microfluidic technology multiple potential
therapies and combination therapies can be tested in a rapid and high throughput
fashion. This is a powerful tool for guiding treatment and deciding the best possible
treatment option for each patient.

Among cancer immunotherapies, immune checkpoint inhibition has been the
most successful approach to date [79, 80]. Monoclonal antibodies blocking pro-
grammed cell death 1 (PD-1) [81] or its ligand PD-L1 [11] have provided durable
treatment for some patients suffering from metastatic melanomas, with higher
response rate and fewer side effects compared to cytotoxic T-lymphocyte-associated
protein 4 (CTLA-4) blockade [82]. Following the success in metastatic melanoma,
immune checkpoint inhibitors have been examined for treatment of several tumor
types such as non-small cell lung cancer (NSCLC) and have shown promising
results in clinical trials and even received FDA approval in the case of advanced
squamous NSCLC (Nivolumab). However, not all patients within a given diagnostic
group benefit from treatment with immune checkpoint blockades. Additionally,
autoimmune reaction is the main side effect to immune checkpoint inhibitors. Better
engineering approaches need to be developed to overcome this challenge. Moreover,
we need to be able to recapitulate the tumor immune environment in vitro using
patient derived cells. Such microfluidic assays can be recruited to test the efficacy
of immune checkpoint blockade therapies alone, or in combination with drugs
aimed at immune suppressive pathways in the tumor stroma. Currently, several
studies using patient derived cells exist but none include the immune environment
[76]. Apart from genetics of the tumor, efficacy of immunotherapy is affected by the
components of the tumor microenvironment. The eventual aim is to translate these
promising approaches to the clinic and make it available to all cancer patients so
that a larger group of patients and broader cancer types, especially those that do not
respond to other therapies could be treated.

In conclusion, engineering approaches for studying tumor microenvironment,
including the immune environment, ex vivo provide a great tool for examining drug
candidates and help with study of molecular mechanisms of drug action. These
approaches could greatly help the clinical trials by providing a means to identify
biomarkers of drug responsiveness, efficacy, and toxicity. Furthermore, develop-
ment of clinically relevant PK/PD models combined with ex vivo experiments can
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help identify optimal drug combinations as well as timing and dose of drug admin-
istration to achieve desired efficacy [83]. Engineering approaches for studying
tumor microenvironment can lead to development of ex vivo drug screening tools to
provide customized treatment plans for individual patients.
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Advancing Techniques and Insights
in Circulating Tumor Cell (CTC) Research
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and Majid Ebrahimi Warkiani

1 Introduction

Cancer is a major cause of mortality worldwide, with a disease burden estimated to
grow over the coming decades. Circulating tumor cells (CTCs) are rare cancer cells
released from the primary or metastatic tumors and transported though the periph-
eral circulatory system to their specific secondary locations. The presence of CTCs
in a cancer patient’s blood has been used as a prognostic biomarker, with lower
CTC count correlating with greater overall survival [1]. In spite of its clinical poten-
tial, the isolation and detection of CTCs has been a challenging task due to its rare
presence amongst other blood cells (as low as 1-10 CTCs per billions of blood
cells) and variability in terms of both morphological and biochemical markers.
Recent developments of microfluidics technology have paved the way for better
isolation and characterization of CTCs due to several advantages such as lower
sample volume, higher sensitivity and throughput and lesser production cost [2, 3].
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Fig. 1 Schematic classifications of various circulating tumor cell (CTC) isolation technologies.
CTC isolation platforms can be classified into two major classes: microfluidics and conventional
macro scale devices. The microfluidic devices can be further sub-divided into label-free (microfil-
tration, deterministic lateral displacement (DLD) devices and inertial microfluidics), antibody-
based (anti-EpCAM coated channels, affinity-based magnetic beads and adhesion-based
techniques) and hybrid techniques (combining DLD with magnetophoresis or anti-EpCAM coated
channels) that uses the advantages of both label-free and antibody-based methods. Macro scale
techniques can also be further classified into label-free (density gradient centrifugation and micro
filtration membranes) and antibody-based (CellSearch system, MagSweeper system) platforms

In this chapter, various CTC isolation devices are classified under two major catego-
ries: microfluidics and conventional macro-scale devices, as illustrated in Fig. 1. We
will be discussing both label-free methods and antibody-dependent methods for
CTC isolation, and will provide discussion and future perspectives on the advan-
tages and drawbacks of both these techniques on potential clinical applications.
Advancement in these technologies for CTCs and associated components, such as
exosomes, led to an unraveling of tumor variation, ranging histology, molecular,
proteomic and functional heterogeneity, which will be discussed in the subsequent
sections.

CTCs are heterogeneous in terms of the morphology and surface expression of
various biomarkers. Therefore, it is an uphill task to isolate these rare cells from
clinical samples in the presence of billions of other hematologic cells. Recent tech-
nological advancements observed that CTCs differ from blood cells in various bio-
physical properties (such as size, adhesion and stiffness) and cell surface receptor
expressions (such as Epithelial cell adhesion molecule (EpCAM) and Cytokeratin
(CK)) [4, 5]. Current microfluidics techniques and conventional methods can target
such distinct properties of the CTCs and achieve high isolation efficiency and
throughput along with greater cell viability for downstream single-cell analysis.
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2 Microfluidics Devices

Over the past decade, microfluidics technologies have been extensively utilized for
study of human disease such as cancer. Microfluidic systems normally leverage on
the disparities in the intrinsic properties of the different cell populations (i.e., size,
deformability, surface charge, density, etc.) to achieve separations. Isolation and
characterization of CTCs using microfluidic systems has been a flourishing area of
research which can be broadly categorized to label-free and antibody-based
approaches (see Fig. 1).

2.1 Label-Free Technologies

Differences in the biophysical properties between the CTCs and blood cells, such as
size, deformability, magnetic susceptibility and electrical behaviors have been
exploited to develop label-free sorting of CTCs. The key advantages of this method
compared to the antibody-based devices are the collection of a complete pool of
CTC population consisting of both EpCAM positive and negative cells and greater
compatibility to a wide range of assays that require viable unlabeled cells. Size and
deformability-based sorting of CTCs can be achieved by using microfiltration
devices and a membrane pore size of around 8 pm has been proved optimal for
CTCs capturing [6]. The size of the CTCs varies between 6 and 30 um and is usu-
ally greater than normal hematologic cells [7]. 3D membrane micro filter consisting
of two-layers of membrane has been developed with the upper membrane pore size
diameter of 9 pm and the pores are aligned centrally to the smaller pores (8 pm) on
the basal layer [8]. When blood samples are passed through the device, the CTCs
are captured in the upper membrane while other blood cells pass through the gap
between the two membranes. This device has an isolation efficiency of 86 % and
processing throughput of 3.75 ml/min. Recently, a novel design of the 3D mem-
brane micro filter is introduced with 5 times greater upper membrane pore diameter
than that of the lower membrane pores (8 pm) [9]. The CTCs are captured between
the gap of the two membranes and the cell can be analyzed by separating the two
membranes. Isolation efficiency ranging from 78 to 83 % can be obtained using this
device with higher cell viability (greater than 70 %). In order to mitigate the pres-
sure buildup problem during membrane filtration, cross-flow conformation in paral-
lel direction to the filtration membrane was introduced [10]. Membrane microfilters
developed using this principle can obtain a capture efficiency of 98 % for MCF-7
cells spiked into blood samples. In another interesting study, weir-shaped structures
are used as barrier across the filtration chip to trap most of the CTCs while the blood
cells can pass through the narrow opening at the upper portion of the barrier [11].
This device has an isolation efficiency of >95 % and processing speed of 20 ml/h.
Microfiltration devices can also be integrated with conical shaped holes to achieve
highly efficient cell capture (96 %) at 0.2 ml/min processing rate, as illustrated in
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Fig. 2 Diagrammatic representation of CTC isolation devices. (a) Integration of microfiltration
with conical holes for size-based capturing of CTCs. The sample is processed through inlet 1 and
it passes through the filter and subsequently gets collected by constant pulling from a syringe pump
at outlet 2 (fop right). Representation of the microfluidics platform processing clinical samples
(middle right). Image of 9 mm diameter micro-filter (bottom right). Scanning electron micrograph
(SEM) of conical holes (scale 40 pm). Reproduced with permission from [10]. (b) Representation
of multiplexed spiral biochip with two inlets for clinical samples and sheath fluid respectively. The
CTCs are sorted due to the action of inertial lift and Dean drag forces and are segregated towards
the inner wall of the microfluidics channel (A—A) whereas the WBCs and platelets are concen-
trated towards the outer wall (B-B). Reproduced with permission from [12]. (¢) Working principle
of Thermoresponsive NanoVelcro substrate for capturing CTCs with biotinylated anti-EpCAM
antibodies at 37 °C and subsequent release of the captured CTCs at 4 °C due to temperature-
dependent conformational changes of the polymer brushes that changes the availability of anti-
EpCAM antibodies on the surface. Reproduced with permission from [13]. (d) Schematic of the
working principle of Gilupi nanodetector system for capturing CTCs from the in-vivo environ-
ment. The gold-plated medical steel wire is coated with hydrogel (indicated in brown) and func-
tionalized with anti-EpCAM antibodies (indicated in red) and is inserted into the patient vein to
capture EpCAM positive CTCs. Reproduced with permission from [14] (Color figure online)

Fig. 2a [10]. Clearbridge Biomedics has commercialized a microfluidics device, the
CTChip® with an array of crescent-shaped structures composed of three closely
spaced micropillars that can trap the CTCs from clinical samples with high through-
put and without channel clogging from the cell debris [15, 16]. This device can
isolate single and double CTCs and the viable cells can be retrieved and cultured by
reversing the flow direction. ISET® (Rarecells, Paris, France) and ScreenCell® are
two commercialized systems for sized-based isolation of CTCs that provide
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cost-effective and high-throughput enrichment of fixed and viable CTCs respec-
tively [17, 18]. The major advantages of the microfiltration devices are its simple
design and its ability to obtain the CTCs from the whole blood in a single pass while
maintaining its cellular integrity for detection and further downstream analysis.
Although size based enrichment of CTCs provides a high-throughput, label-free
technique, it has some drawbacks; such as the cells are subjected to high mechanical
stress that can alter their normal function [19] and there is a size overlap between
the CTCs and leukocytes that can increase the probability of isolating more con-
taminating cells [20].

Dielectrophoresis (DEP) phenomena have also been used for CTC isolation
based on the differential motion of the cells when exposed to a non-uniform electric
field. Cells can exhibit attractive and repulsive behaviors depending on their size
and dielectric polarizability under a non-uniform electric field [21]. Compared to
normal cells, CTCs have greater surface area and higher capacitance per unit area
that provides them a unique dielectric property and thereby affecting their motion in
presence of an electric field. Contactless DEP (cDEP) is developed with greater
sensitivity and eliminating the drawbacks of traditional DEP such as high cost, air
bubble production, electrode delamination and culture contamination [22]. This
device reports an isolation efficiency of 64.5 % for carcinoma cells from concen-
trated RBC solution. ApoCell laboratories have commercialized ApoStream device
in 2010 and validation study using breast cancer cells spiked into clinical sample
has observed an isolation efficiency of 86.6 % with higher viability (97.6 %) [23].
The main advantage of DEP devices is that the effect of therapeutic agents could be
determined by monitoring the differences in the frequency responses of the cells
under the action of various chemotherapeutic agents.

Deterministic lateral displacement (DLD) is another label-free method used for
sorting CTCs in microfluidic devices. A novel DLD platform with 58 pm triangular
micropost and 42 pm gap is used to capture CTCs at high efficiency (>85 %) and
throughput (10 ml/min) [24]. Inertial microfluidics is also used for isolating CTCs
by combining inertial lift forces and pinched flow dynamics to focus particles in
their preferential equilibrium position along a microfluidic channel. Inertial micro-
fluidics can be combined with microvortex particle capturing to isolate CTCs in a
high-throughput, clogging free manner [25]. Apart from straight channels, spiral
microfluidics can be used to achieve inertial sorting by combining inertial and Dean
drag forces. Our group developed a spiral microfluidics chip with rectangular cross
section to isolate CTCs (varying from 5 to 88 CTCs/ml of blood) from 20 metastatic
lung cancer patients [26]. Strong inertial lift forces focus the bigger CTCs towards
the inner wall while the smaller hematologic cells move towards the outer wall. Due
to greater channel dimensions (500 pm width and 160 pm height) and increased
flow rate (3 ml/h), clogging of the microchannels by the cell debris is also mitigated,
thereby increasing the performance and sensitivity of the device. More recently, we
further developed our spiral microfluidics chip with trapezoidal cross-section that
can separate the CTCs from metastatic breast and lung cancer clinical samples in an
ultra-high throughput manner (7.5 ml within 8 min) [27]. Our group subsequently
developed multiplexed spiral microfluidics chip for ultra-high throughput sorting of
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viable clinical CTC (12—1275 CTCs/ml for breast cancer patients and 10—1535 CTCs/
ml for lung cancer patients) for further downstream single-cell characterization
such as fluorescence in-situ hybridization (FISH) and proteomics analysis, as repre-
sented in Fig. 2b [12]. In another study, contraction-expansion array microfluidic
channels is used to enrich cancer cells spiked into blood suspension with 99.5 %
efficiency [28]. In negative selection methods, the CTCs are untouched; however
the RBCs are lysed and the WBCs are magnetically removed using specific markers
such as CD45, CD61 [29].

2.2 Antibody Based Technologies

Antibody mediated CTC isolation techniques are dependent on the specific binding
of the cell surface receptors with the antibody bound matrix. The matrix could be of
mainly two types, such as magnetic beads or functionalized microfluidics channel.
The two commonly used markers for CTC isolation and detection are EpCAM and
different subtype of CK. However, due to the occurrence of epithelial to mesenchy-
mal transition (EMT), all CTCs do not express these markers and therefore these
techniques fail to collect some subpopulations of the CTCs [30, 31]. CTCs can be
selectively labeled with antibody-tagged magnetic microbeads (diameter: 0.5-5 pm)
or nanoparticles (diameter: 50-250 nm) and sorted in a non-uniform magnetic field,
whereby the labeled CTCs migrate to a region of higher magnetic field and get
trapped with an isolation efficiency of 86 % [32, 33]. A straight microchannel with
many square indentation on its sidewalls can be used to pull and trap the EpCAM
tagged CTCs towards the sidewalls under the influence of an external magnetic field
[34]. Fluxion Biosciences have commercialized a microfluidics device, IsoFlux™,
which can trap magnetically labeled CTCs when passed through a microchannel
with uniform magnetic field. Other promising strategies to further develop the
enrichment of EpCAM-positive CTCs in a highly sensitive and efficient manner
includes 3D nanostructured substrate or nano “Fly Paper” Technology [35] and a
Velcro-like microfluidics platform with isolation efficiency ranging from 40 to
70 %, as depicted in Fig. 2c [13].

Adhesion-based CTC isolation techniques depend on the binding affinity of
CTCs to a surface whose biochemical (using antibody coated surface) and structural
properties (using nano topographical features) can be modified to favor suitable
adhesion. This technique can be performed either in static [36] or dynamic flow
modes [37], while the later one is more sensitive due to the greater interaction
between the cells and the surface and prevention of non-specific adhesion due to
fluid shear forces. Using 3D structures such as microposts inside a microfluidics
channel (the CTC-Chip), the effective surface area can be enhanced and the colli-
sion frequency between the cell and the EpCAM functionalized surface can be
increased [38]. The CTC-Chip has recovery rate of 60 % and the recovery efficiency
does not depend on the different expression of EpCAM by the CTCs due to the
greater collision frequency. Geometrically enhanced differential immunocapture
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(GEDI) chip is developed to further increase the effective collision frequency
between the CTCs and the antibody-coated microstructure to enhance the isolation
efficiency (~90 %) [37]. In another study, herringbone-chip was discovered with
anti-EpCAM coated herringbones structures to increase the collision between the
CTCs and antibody functionalized PDMS channels [39]. This device has an isola-
tion efficiency of 91.8 % with 95 % cell viability. Recently, geometrically enhanced
mixing (GEM) chip is introduced with a further improved herringbone micromixers
to enhance the throughput and isolation purity in antibody-dependent devices [40].
CTCs are detected using this device in 17 out of the 18 pancreatic cancer patients
studied and the CTC number correlates with the tumor size in three advanced stage
patients during the period of the treatment. Adhesion-based CTC isolation tech-
niques using micropost arrays has been commercialized by OnQChip™ (On-Q-ity,
MA, USA) and the CEE™ chip (Biocept Laboratories, CA, USA). Graphene oxide
sheets can be functionalized with anti-EpCAM antibodies and adsorbed on gold
patterned substrates for efficient and sensitive enrichment of CTCs [41]. The
increased surface area and biocompatibility of graphene oxide enables greater load-
ing capacity of anti-EpCAM antibodies on its surface and the isolated cells can be
cultured on the gold substrates for further downstream characterization such as
RT-PCR and drug testing.

Different techniques can be combined to create a better hybrid platform for
effective enrichment of CTCs with higher throughput. The CTC-iChip uses both
antigen dependent (magnetophoresis) and independent (DLD with inertial focus-
ing) strategies to isolate CTCs with greater sensitive (0.5 CTCs per ml) from clini-
cal samples with lower CTC numbers [42]. Another study combined DLD with
EpCAM functionalized isolation chambers to enrich CTCs with greater efficiency
(90 %) and throughput (9.6 ml/min) [43]. CTCs are initially sorted from other blood
cells in the DLD compartment comprising of triangular microposts and subse-
quently they are captured in an EpCAM functionalized chambers with fishbone
conformation to enhance the isolation capacity.

3 Conventional Macro Scale Devices

3.1 Label-Free Technologies

Density gradient centrifugation is a label-free technique using centrifugal forces
for sorting cells from blood based on the difference in their sedimentation coeffi-
cient. When a clinical sample is subjected to density gradient centrifugation, the
denser RBC and neutrophils settles at the base of the tube whereas the CTCs,
plasma and mononucleated cells are collected above the buffy coat. In another
study using silicon-blending oil as a floatation media, cancer cells are identified in
53 % and 33 % of gastrointestinal tract cancer and breast cancer patients respec-
tively [44]. OncoQuick centrifugation system has been developed with a porous
membrane within the centrifugation tube to prevent the mixing of the separation
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media with the clinical sample before centrifugation. This system has a greater
CTC isolation efficiency compared to the Ficoll density gradient centrifugation
[45]. OncoQuick has been used for the enrichment of CTCs from metastatic breast
cancer patients and it can successfully detect CTCs in 69.2 % of the clinical sam-
ples [46]. RBCs and WBCs can be cross-linked to form rosettes using a cocktail of
antibodies and RosetteSep™ (STEMCELL Tech., BC, Canada) commercialized
this technique. On application of centrifugal forces these rosettes can be efficiently
separated from the CTCs due to their greater densities [47]. In another study, the
use of sieve material as a filter with pore size of 4.5 pm could separate 100 % of the
HeLa cells spiked into blood and detect cancer cells in 19 out of the 50 cancer
patient specimen [48].

3.2 Antibody Based Technologies

Notable achievement in the isolation techniques of CTCs has been accomplished
by the introduction of FDA (Food and Drug Administration)—approved method, the
CellSearch system (Veridex) [49, 50]. CellSearch system consists of a semi-
automated platform for capturing EpCAM positive CTCs using immunomagnetic
cell sorting and the cells are subsequently identified by antibody staining of various
subtypes of cytokeratins. This system was validated for CTC detection in meta-
static breast cancer patients and it was reported that CTC assessment could provide
critical prognostic information such as overall survival and progression-free sur-
vival [51-53]. However, CellSearch system can only successfully isolate EpCAM
positive sub-population of the CTCs and the isolated CTCs are permanently labeled
with antibodies that limit their downstream characterization. Illumina Inc. (CA,
USA) commercialized MagSweeper system, which consists of a robotic arm with a
magnetic rod that continuously shifts the region of high magnetic field within a
multiwell plate [54]. The speed and trajectory of the rod movement has been stan-
dardized to favor the adsorption of EpCAM-labeled CTCs on the rod and prevents
non-specific adsorption by other non-target cells. This system can perform at a high
throughput (9 ml/h) and higher isolation efficiency (~81 %). Flow cytometry tech-
nologies such as fluorescence-activated cell sorting (FACS) can be utilized to
simultaneously detect several fluorescently labeled antibodies and thereby increas-
ing CTC isolation purity [55]. However, this technique can not provide greater
sensitivity for CTC isolation due to the varied expression pattern of different anti-
gens on the CTCs depending on the types and stages of cancer [56]. Anti-EpCAM
coated detachable microbeads can be used to enlarge the size of the CTCs before
passaging the whole blood sample through the microfiltration device (8§ pm pore
size) [57]. Leukocytes and other blood cells can pass through the filter while the
larger CTCs remain trapped on the filter membrane. This device reports a capture
efficiency of 89 % and isolated 1-31 CTCs/ml of clinical samples. CTCs can also
be isolated directly from the in vivo environment using the Gilupi nanodetector®
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system, as shown in Fig. 2D [14]. The nanodetector is coated with anti-EpCAM
antibodies and inserted in the peripheral arm vein for 30 min to collect larger num-
ber of CTCs.

4 Characterization of Cancer Cell Heterogeneity

Tumors demonstrate huge heterogeneity in morphology, immuno-phenotype, and
genotype [58]. Novel therapeutic approaches for BRAF mutant cutaneous mela-
noma [59] and ALK rearranged NSCLC [60], in the recent decades have been
unable to increase the survival of patients with advanced stage cancer. This is largely
attributed to tumor heterogeneity and the rise of drug tolerant or resistant subtypes
under the influence of ineffective drug therapy [61]. Similarly, CTCs have been
found to demonstrate a similar range of heterogeneity across multiple parameters,
including morphology, histology and proteomics (Fig. 3).

4.1 Histology and Morphology

Observations of tumor histology are often correlated with disease severity [65], and
have been found to exhibit strong correlations to genotype [66]. Generally, malig-
nant cancer cells are identified as cells with a round or oval nucleus, and a high
nuclear to cytoplasmic (N/C) ratio [67]. However, cancer subtypes display distinct
morphology variations, such as the established case of small cell lung cancer
(SCLC) and non-small cell lung cancer (NSCLC) [68].

Recent analysis with specific cancer subpopulations [62, 69, 70], such as dissemi-
nated tumor cells (DTCs) and CTCs revealed extensive intertumor histological varia-
tion (within the same tumor type among individuals) [71]. CTCs are derived from the
blood samples of cancer patients and selectively isolated by targeting protein expres-
sion [49], negative selection [29], physical properties [26, 42], or by means of expan-
sion [8, 63, 72]. CTCs can be isolated on a routine basis via a non-invasive process
of blood withdrawal [73], allowing monitoring of therapy-associated changes in pro-
tein expression, a process which could illuminate the mechanisms that facilitate drug
resistance development. Proteomics profiling of CTCs has revealed some of the
extent of heterogeneity present. Results suggest the role of multiple pathways, such
as the process of EMT transition [74], which is involved in the metastatic cascade
[75, 76]. CTC size and other physical parameters may also vary significantly [77],
which limits the sensitivity of CTC enrichment devices. These variations can be
observed within the cells obtained from tumors of the same patient. Upcoming high
throughput spectral imaging techniques will allow rapid processing of single-cell
images, providing dynamic insights to cancer cell morphological changes under
stimulus or drug exposure (see Fig. 3a) [78, 79].
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Fig. 3 Varied manifestation of CTC heterogeneity. (a) Pleomorphism of CTC morphology
obtained from the same patient demonstrated with immunofluorescence staining (left) and
Papanicolau stain (right) [62]. (b) Immunostaining of various forms of cytokeratin reveals hetero-
geneity in protein marker expression. Representative images of minority cohort are provided in
boxed images (bottom left). Scale bar, 20 pm [63]. (¢) Molecular FISH analysis carried out with
clinical human CTCs from an NSCLC patient using Vysis ALK Break Apart FISH probe. Varied
frequency of separation of the original gene fusion signal (arrows) is detected in cells obtained
from the same sample [12]. Scale bar: 16 mm [12]. (d) Antibody coated membranes demonstrates
active protein secretion of CK19 (green) and MUCI (red) from viable CTCs respectively [64]
(Color figure online)

4.2 Proteomics and Genetic Profiling

Although some histology aspects of cancer cells correspond to genotype, intertu-
mor variation in protein expression has been identified in tumors classified under
similar subtypes [80]. Depending on the microenvironment [81], as well as tissue
organization and composition [82], cancer cells may be exposed to varying stimulus
which induces different rates of oncogene or tumor suppressor gene expressions.
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For example, accumulation of mutations in the adenomatous polyposis coli (APC)
gene may lead to abnormal production of APC protein, an alteration associated with
increased colorectal cancer risk [83]. Cancer cells presented with the APC mutation
also has increased resistance towards certain drug strategies [84].

The varied protein expression often confers cancer cells with favorable character-
istics for growth and survival. For example, the amplified production of human epi-
dermal growth factor receptor 2 (HER2) has been suggested to induce cluster
formation in membranes, leading to heightened susceptibility to tumorigenesis [85].
Processing and comparison of large databases have led to resources that provide quan-
titative values for EMT phenotypes, based on various protein expressions [86]. These
dynamics have hindered attempts to completely map the extent of cancer heterogene-
ity [87]. Our inability to fully comprehend cancer progression often generates con-
flicting hypotheses and reduces our ability to generate effective treatment strategies.

4.2.1 Understanding CTC Proteomics for Diagnostic and Prognostic
Relevance

Tumor-associated proteins have been regularly identified to characterize cancer for
administering precise therapeutic treatment. The golden standard involves extrac-
tion of these proteins from tumor biopsies [88]. However, few proteins demonstrate
actual clinical utility due to cancer heterogeneity [89], except for few instances such
as the prostate-specific antigen (PSA). CTC has been broadly defined in a similar
way as DTCs [90], namely being positive for epithelial markers (e.g. EpCAM and
CKs) and negative for leukocyte markers. However, the proteomics of CTCs are
extremely varied (Fig. 3b), and may even not reflect the phenotype observed from
the tumor(s) of the same patient. Hence, researchers have been looking for unique
specific markers.

To better identify the full CTC spectrum, researchers have started to explore
tumour-associated proteins detectable in the serum. Although the field of serum
proteomics is in its infancy, technological advances are surfacing which will aid in
identifying novel markers. The serum proteome of tumors is a rich source for the
analysis of cancer cell activity and interaction with the tumor niche [91]. Circulating
tumor DNA (ctDNA), which are short fragments of 150-200 bp DNA, are released
from apoptotic CTCs and are now a major interest for diagnostic purposes [92].
ctDNA constitutes about 3-93 % of the total cell-free DNA (cfDNA) and ctDNA
can be used as a liquid biopsy biomarker for cancer treatment by analyzing somatic
mutations, chromosomal aberrations and loss of heterozygosity [93]. Recently, de
novo multiplexed identification of ctDNA mutation is performed from different
types of tumor (SHIVA trial) and 28 of 29 mutations detected in the tissue biopsy
can be identified in the ctDNA from 27 cancer patients. This signifies the potential
of ctDNA as a biomarker [94]. DEP microelectrodes can be used for the isolation of
ctDNA from whole blood; however, this system is unsuitable for separation of small
fragments of apoptotic DNA (<0.01 pm) and the use of DEP microelectrodes also
suffers from cross-sample contamination issues and higher fabrication cost [95, 96].
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In another study, digital PCR is used to define malignant growth in various types of
cancer such as pancreatic, ovarian, colorectal and they can identify ctDNAs in
greater than 75 % of the patients [97]. Additionally, next generation sequencing
(NGS) techniques has also been used for sequencing ctDNA and to monitor the
response of patients to anti-cancer treatments [98]. ctDNA retains the spectrum of
gene mutations found in tumours, and has the same ability to capture mutation pat-
terns as per tumor biopsies [94]. A supposed advantage of utilizing ctDNA is the
heightened abundance of material over CTCs, as well as the ease of detection over
capturing CTCs [97]. Most importantly, the technology advancement in DNA pro-
filing has enabled sensitive detection of a small amount of genetic material, in fact
less than the amount of genetic material within a single CTC [93].

MicroRNAs (miRs) are small (20-22 bases), single stranded fragments of
nucleic acid that can negatively regulate gene expression and many tumors have a
characteristic miR-based tissue profiles. The miRs can be released into the microen-
vironment due to an active process or via passive secretion from a dying cancer cell;
however, some miRs are not secreted from tumor cells [99]. Circulating miRs can
be identified from serum and plasma of clinical samples and different types of solid
tumors such as breast, colon, gastric can be distinguished based on miR profiles
[100]. miRs from cancer cells [101] may also be isolated from plasma or found
within microvesicles (100-1000 nm) [102], exosomes [103] and oncosomes
(1-10 pm) (Fig. 4). Exosomes are cell-derived nanovesicles (30-100 nm) that are
secreted into tumor microenvironment and play a critical role in cell-cell communi-
cation. Exosomes contains genetic information and signaling molecules including
proteins, lipids, mRNA, miR and dsDNA that help in the formation of the premeta-
static niche at the secondary tumor site [ 104, 105]. Exosomes can be extracted from
the body fluids using conventional methods such as ultracentrifugation and combi-
nation of sucrose gradient ultracentrifugation with ultrafiltration centrifugation.
However, the former method is much simpler in terms of sample preparation
(requires 4-5 h) and has greater isolation efficiency (5-25 %) [106]. Recently, Exo-
Quick™ (System Biosciences) and Exo-spin™ (Cell Guidance System) commer-
cialized the isolation kits for exosomes in a cost effective and user-friendly manner.
Exosomes can also be isolated by targeting antibody-immobilized magnetic beads
against specific antigens that are expressed on their surface such as Alix, annexin,
EpCAM, Rab5, CD63, CD81, CD82, CD9 [107]. This technique has greater isola-
tion efficiency than conventional methods; however, it fails to collect the entire
population, as some of the exosomes do not express the targeted protein on its sur-
face. Microfluidics isolation of exosomes has been developed using ExoChip,
which uses fluorescent imaging to quantify the exosomes that are captured on anti-
CD63 coated chips [108]. Interestingly, this study observed a greater number of
exosomes in cancer patients (2.34+0.31 fold higher) compared to healthy individu-
als, which indicates the significance of exosomes as a circulating biomarker.
Microfiltration devices (with membrane pore size of <500 nm) have also been used
for exosome sorting from whole blood in a highly efficient manner [109]. This
device can be combined with electrophoresis and pressure driven flow to further
increase the enrichment efficiency. Label-free identification of exosomes can be
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Fig.4 Utilizing CTC components for diagnostic and prognostic relevance. (a) Intact CTCs are the
primary targets for isolation and enrichment for further analysis and utility. A representative image
of enriched CTCs (white arrow) is provided (Green: cytokeratin; Red: CD45; Blue: Nuclei stain,
Hoechst). Scale bar: 20 mm [12]. (b) An example of a scatter plot demonstrating the differential
signal intensities of miRNAs isolated from serum samples of cancer patients and healthy controls
[101]. (c—e) Extracellular vesicles can be classified into three categories based on size—microves-
icles, exosomes and large oncosomes. Oncosomes appear to display unique properties and could
serve as an important target for cancer characterization (Color figure online)

carried out using surface plasmon resonance (SPR) sensor chip, the nano-plasmonic
exosome (nPLEX) [110]. The nPLEX chip can be functionalized with various exo-
somal antibodies and can potentially identify 12 exosomal markers within 30 min.

Research for novel markers in glioma has been extensive for the recent years,
and several new markers such as CXCR4 [111] and haptoglobin [91] has been dis-
covered. However, the heterogeneity of cancer complicates the validation of any
new candidate markers, and extensive single-cell analysis will be required. Some
clinicians are also keen to utilize the serum markers from CTCs, namely exosomes
and ctDNA, as diagnostic markers for cancer. For example, the mutant EGFRvIII
protein, found in exosomes [112], has been demonstrated as a potential therapeutic
marker. Markers from ctDNA, such as miR181 [113], can also be a source for diag-
nostic means, if the half-life of ctDNA is established [114]. To overcome the prob-
lem of information loss due to DNA degradation, extracellular vesicles (EVs) may
also be extracted from blood serum. EVs are vesicles that bud off from membranes
or secreted from cells for intercellular communication [115], and the transported
components are protected from degradation. In the latter instance, these vesicles
form exosomes [116].

Another alternative to overcoming the low genetic material available from rare
cancer cell subpopulations, such as CTCs, is via single-cell analysis (SCA).
Advanced systems, such as the microfluidic image cytometry (MIC) [117] and
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mass cytometry platform (CyTOF) [118], are available. They can simultaneously
separate, process and analysis information from large panels of protein expression,
such as the Akt kinase [119, 120].

4.3 Molecular Profiling

Ideally, CTCs can help to reflect the complete tumor spectrum, if the technological
limitations impeding enrichment and analysis of rare cells are overcome. Recent
advances now allow the simultaneous monitoring of multiple gene expression in
parallel. Sensitive transcriptomic tools, such as the single-cell PCR based approach
(SINCE-PCR) [121], serve to obtain quantitative and qualitative information which
can be beneficial in both scientific and clinical settings. Single-cell analysis can also
be carried out with fluorescence in-situ hybridization (FISH) (Fig. 3c¢).

Thus far, the identification of CTCs has been made complicated due to the lack
of specificity of known markers. In fact, most existing molecular subtyping meth-
ods do not distinguish cancer cells from normal stroma tissue. Varied histopatho-
logical sub-types [122] exhibit different sensitivity of markers as well, and some
markers may be common across several cancer types [123, 124]. Variation also
exists across tumors from the same patient [125, 126], and some specific cancer
types only have traces of molecular similarity with other cancer types [127]. This
hinders the accuracy of tumor profiling, since the small amount of clinical samples
may be insufficient to reveal rare mutations or intrinsic changes that occurred from
response to therapeutic treatment [128]. Such extent of tumor heterogeneity may
contribute to differential response to anti-cancer treatment [93], due to incomplete
tumor profiling or adaptation to evade treatment.

The rise in advanced technologies, such as the Ensemble Decision Aliquot
Ranking (eDAR), is now revealing vast heterogeneity in CTC gene expression, both
within and across different patients [129]. An integrative approach to enrich, recover
and characterize CTC exomes enabled extensive profiling of prostate CTCs. These
profiles revealed a match to a portion of the tumor tissue from the same patient
[130]. The spectrum of mutations varied significantly from cell lines, highlighting
the issue of translational relevance of immortalized cancer cell phenotypes [131].
Extensive profiling also enables mapping of clonality. Preliminary studies suggest
that the cells from the original tumor and metastases are phenotypically distinct, but
presence of non-metastatic intermediate phenotypes which are found to persist in
both the original tumor and its metastases [132]. Screening of various nuclei at the
single-cell level also revealed extensive heterogeneity for KRAS, PIK3CA and
other gene expressions [133—-135]. These molecular variations may be the reason
for a high failure in various anti-cancer regimes, due to an inaccurate diagnosis, or
because the drugs are unable to target all cancer subtypes [93]. Detailed single-cell
profiling of tumors may reveal novel mechanisms of tumor progression, such as
gene amplification (e.g. MET) or chromosomal rearrangements [e.g. ALK (anaplas-
tic lymphoma kinase)] [136].
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4.4 Lipidomics Profiling

Lipidomics is a relatively new area of research, and is now increasingly utilized due
to development of novel technologies such as the time-of-flight secondary-ion mass
spectrometry (TOF-SIMS) [137]. Detection of key enzymes involved in lipid
metabolism, such as stearoyl-CoA desaturase 1, may also provide a signature for
monitoring lipid levels, even in single cells [138].

4.5 Functional and Metabolic Heterogeneity

Generally, the EMT spectrum of CTCs demonstrates both intrapatient and interpa-
tient heterogeneity. Researchers have also showed that not all phenotypes within the
EMT spectrum may be present; with some being fully epithelial-like or mesenchymal-
like [139]. More recently, it has been hypothesized that single-cell metabolomics
[140] can be a unique factor for the identification of cancer cells from blood cells.
These studies may be aided by the novel integrated systems, such as the
nanostructure-initiator mass spectrometry (NIMS), which will serve to reveal can-
cer cells that may have a higher metastatic potential [141]. However, functional and
metabolic studies of CTCs are highly limited by the method of CTC enrichment,
which is often stressful to the primary cancer cells and compromise cellular
viability.

4.5.1 Heterogeneity in Cultured CTCs

The functional properties of CTCs can be investigated with viable CTCs. However,
most CTC enrichment techniques are laborious and require harsh procedures which
compromise CTC viability. Analysis of the spatial-temporal characteristics of CTCs
may be possible by the establishment of short-term CTC cultures with in vitro
tumorsphere assays [142], structured microwell assays [63], or long-term CTC cell
lines spontaneously immortalized after >6 months in culture [72, 143]. Secretion
capabilities of CTCs from various cancer types can also be investigated with a
membrane-based assay that provides quantification of proteins [64]. The prolifera-
tive capabilities of CTCs vary depending on marker expression [142], as well as
response to therapeutic treatment [159]. More specifically, upar+/int f1 — CTC sub-
sets are shown to expand better than other combinational subsets of CTCs, and
longer treatment duration correlates with lower proliferative potential. Upar—/int
1 —-CTC subsets also appeared to be more mesenchymal and displayed delayed
clustering.

CTC may also demonstrate varied capabilities for adhesion, albeit most studies
report low adhesive capabilities of CTCs. These low adhesive properties may reflect
their heightened potential for extravasation and migration. Interestingly, it has been
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described that low adhesive CTCs demonstrate high plasticity and may eventually
adhere to form spheroids under suitable 3D gel conditions [142]. Understandably,
the more mesenchymal phenotypes also demonstrate higher motility and invasive-
ness. Analysis of these factors and other functional phenotypes, such as the forma-
tion of invadopodia [142], may reveal valuable information of the metastatic
cascade occurring in vivo.

4.5.2 Cancer Stem Cells

Technological advances have enabled isolation of rare cancer subtypes with unique
properties. Cancer stem cells (CSCs) are cells present in the tumor that demon-
strates heightened tumorigenic potential. They are found to demonstrate distinct
protein signatures, for example, breast CSCs are recognized as CD44+/CD24—
[144] or aldehyde dehydrogenase 1+ (ALDHI1+) cells [12, 145]. Recently, other
pluripotency factors, such as POUF51 (OCT4), have been associated with the CSC
subtype [146], supporting their potential role in metastasis. CSCs are often specu-
lated to be associated with worsened patient prognosis [147], as they are found with
anti-cancer drug resistant or tolerant traits [148]. Despite the distinctive character-
istics of CSCs, the clinical relevance of this rare sub-population is still unclear, and
further functional analysis may help to resolve this question.

5 Discussions and Conclusion

Compared to conventional macro scale devices, microfluidics technologies have
provided several advantages in the field of CTC isolation such as higher throughput,
greater sensitivity, portability, and ease of operation [149]. Additionally, this tech-
nique enables manipulation of fluid and particle motion at a micron-scale that is
critical for CTC enrichment considering their rare occurrence in the blood. The
antibody based isolation techniques provides some inherent benefits including
higher specificity, lesser leukocyte contamination and enriching viable CTCs due to
minimum sample handling procedure. However, these devices suffer from low
throughput (1-3 ml/h) and are dependent on the expression of specific antigen
markers. Due to the occurrence of EMT, some subpopulations of CTCs might not
express the epithelial markers such as EpCAM and this might lead to the loss in
capture efficiency [150, 151]. Label-free approaches can overcome these drawbacks
of antibody-dependent methods by isolating CTCs based on their physical proper-
ties including size, deformability and dielectric properties in an unbiased manner
independent of EpCAM expression. However, these techniques are limited by the
heterogeneity of the cancer cells in terms of their size (CTC size varies from 6 to
30 pm) and thereby resulting in contamination from other blood cells and decreas-
ing the isolation purity [152].
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Overall, CTC isolation devices have made rapid progress over the last decade;
however, till date there are few FDA approved methods (the CellSearch system and
cobas EGFR Mutation Test) [153] for clinical diagnosis. Therefore, development of
universal optimal protocol for examining the performances of these different devices
is essential. Recent advancement of microfluidics technology has paved the way for
solving some of the initial problems associated with conventional macroscale sys-
tems such as lower throughput, purity and sensitivity. The development of hybrid
systems such as CTC-iChip that uses the advantages of both antibody-dependent and
label-free approaches might overcome the limitations associated with both these sys-
tems individually. Additionally, negative selection devices that rely on the depletion
of leukocytes may be an alternative unbiased approach for CTC enumeration. In
future, we envision the development of an integrated, fully automated CTC enrich-
ment platform that can isolate the CTCs from a simple blood test, characterize their
biochemical and biophysical properties and identify the potential targets for chemo-
therapeutic administration.

Cancer manifests as a heterogeneous disease in several different ways [154], and
detailed profiling of this manifestation is essential to develop personalized drug
therapeutic strategies [155]. Biopsies of tumors are generally undesirable due to the
invasive nature and possibility of dissociation of cancer cells during the surgical
process. Hence CTCs represent an alternative source of cancer cells obtained via
blood withdrawal, so termed as liquid biopsy [155]. The CTCs may also provide a
better profile for the tumors, as they are shed from a range of sites as compared to a
single biopsied region.

Several questions remain which impede the clinical utility of CTCs. The rele-
vance of CTCs in influencing therapeutic strategies is in question since it is not
known how CTCs persist within the circulation and contribute to metastasis. CTC
lifespan has also not been conclusively defined, and it is speculated that this may
vary from a few hours to years [156, 157]. The persistence of CTCs in blood fuels
the conjecture that these rare cells may play a role in tumor relapse. Overall, the
clinical relevance of CTCs will be determined by their resemblance to the original
tumor phenotype, their transition in blood and their functional dynamics with
time. CTCs and associated markers (e.g. microRNAs) could help to rectify the
incomplete tumor profile. The characterization of CTC components may shed
light for a single pathway [158] or on the patient conditions at a point of time dur-
ing treatment, but monitoring of a patient’s condition will require serial sampling
or culturing of CTCs which could reveal dynamics of an individual’s cancer
progression.
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The Cancer Secretome

Michaela Bowden

1 Introduction

The hallmarks of cancer provide a rational framework to evaluate the complexity
and variability of cancer as a disease [1, 2]. Tumors in different organs can look
much different in terms of pathology. Wide variability is observed even within a
given tumor type frequently superseding differences observed across tumors. This
stark reality has hindered the implementation of therapeutic options that have wide
impact across large patient populations. Patients with advanced or metastatic dis-
ease have not seen appreciable improvements in overall survival rates, underlying
the patient/heterogeneity paradigm that needs to be addressed in the context of the
individual.

The advent of OMICS, in terms of the genome, transcriptome, proteome and
metabolome has ushered in this new era of personalized cancer medicine [3—5]. The
confluence of large scale measurements at the gene, protein and metabolite level,
facilitated through the rapid advancement of genomics by Next Generation
Sequencing (NGS) [6-8] and proteomics by Mass Spectrometry (MS) [9-11] tech-
nologies coupled with increasingly multifaceted and innovative sampling strategies
[12-14] and the recognition of individual biological complexity [15, 16], has ush-
ered in the era of personalized medicine.

Initially much focus has correctly been placed on genomic aberrations and indi-
vidualized, actionable, therapeutic interventions [17—19]. In the last 10 years, the
maturation of large-scale technologies has set the pace of biomarker discovery tran-
sitioning from clinical observation to a systematic approach [20]. DNA sequencing
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and microarray techniques identify mutated or misregulated genes that are poten-
tially druggable targets, proteomics may enable the identification of tumor-derived
proteins that can serve as biomarkers of disease and response to therapy [21]. In
particular, secreted or shed proteins measured in parallel, known as “secretomics”
could be advantageous as early pharmacological or physiological biomarkers asso-
ciated with cancer diagnosis and progression or therapeutic response and/or
resistance.

In this chapter, we will describe the secreted protein oncologic landscape, the
technology advancements that have facilitated the discovery and detection of the
human cancer secretome, the advent of promising biomarkers and the struggle to
develop them into translational clinical assays and their future utilization in person-
alized medicine.

2 Secreted Protein Biomarkers

2.1 What Are Secreted or “Shed” Proteins?

First described in 2000 Tjalsma et al. [22], the secretome is the term used to describe
proteins shed by cells into the extracellular matrix. Over the next decade the defini-
tion was augmented to reflect the complexity of the classical and non-classical
secretory mechanisms involving constitutive and regulated secretory organelles and
acknowledging that secreted proteins can be shed from not only cells but tissues,
organs and even organisms at any given time [23].

Secreted proteins play an important role in tumorigenesis through cell growth,
migration, invasion, and angiogenesis. The main biological sources for cancer sec-
retomics are cancer cell line supernatants and proximal biological fluids in contact
with a tumor. Cancer cell line supernatant is an attractive source of secreted pro-
teins. There are many standardized, stable cell lines and companion normal cell
lines for benchmarking available. Supernatants are much simpler to analyze than
proximal body fluid. But it is clear that an immortalized cell line secretome is an
imperfect representation of an actual tumor, incapable of inferring information
about its specific microenvironment and also not illustrative of the heterogeneity of
a real tumor [24]. Analysis of proximal fluids can give a better idea of a human
tumor secretome, but this method also has its drawbacks. Procedures for collecting
proximal fluids still need to be standardized and non-malignant controls are needed.
In addition, environmental and genetic differences between patients complicate
analysis and interpretation. More recently utilizing primary tissues direct from con-
sented patients, primary short-term cultures, patient-derived xenografts (PDX’s)
and patient-derived explants (PDE’s) have been developed, which reconstitute and/
or preserve the inherent biological complexity as well as the heterogeneity of the
patients disease.
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2.2 FDA-Approved Secreted Protein Oncologic Biomarkers

Considered the gold standard in clinical quantitation of secreted biomarkers,
immunoassay-based techniques including enzyme-linked immunosorbent assays
(ELISA) have historically offered simplicity, cost-efficiency, selectivity, specific-
ity, robustness and sensitivity. Most FDA-approved cancer secreted biomarkers are
measured in serum and used clinically for the monitoring of disease progression
and responses to therapy (e.g., CA125), the exception being prostate-specific anti-
gen (PSA), which was approved for the detection of prostate cancer. The discovery
of a large number of potential secreted cancer biomarkers in the research setting is
in stark contrast to the number of markers that have been approved for use in clini-
cal practice. Table 1 lists the handful of Food and Drug Administration (FDA)
approved secreted protein biomarkers measured by immunoassay in current clini-
cal use. There are numerous reasons why there are so few markers approved for

Table 1 List of FDA-approved protein tumor markers currently used in clinical practice, adapted
from a table published by Fiizéry et al. [25]

Year FDA | Device | Product

Biomarker Clinical use Cancer type | approved | class code
Pro2PSA Discriminating Prostate 2012 3 OYA
cancer from benign
disease
ROMA Prediction of Ovarian 2011 2 ONX
(HE4+CA-135) malignancy
OVALI (cancer antigen | Prediction of Ovarian 2009 2 ONX
125 (CA125), beta-2 malignancy
microglobulin,
transferrin,
apolipoprotein Al and
transthyretin
(prealbumin)
HE4 Monitoring Ovarian 2008 2 0)18)

recurrence or
progression of

disease

Fibrin/fibrinogen Monitoring Colorectal 2008 2 NTY

degradation product progression of

(DR-70) disease

CA 199 Monitoring disease | Pancreatic 2002 2 NIG
status

CA-125 Monitoring disease | Ovarian 1997 2 LTK
progression,

response to therapy

(continued)
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Table 1 (continued)

Year FDA | Device | Product
Biomarker Clinical use Cancer type |approved | class code
CA 15-3 Monitoring disease | Breast 1997 2 MOI
response to therapy
CA27.29 Monitoring disease | Breast 1997 2 MOI
response to therapy
Free PSA Discriminating Prostate 1997 3 MTG
cancer from benign
disease
Thyroglobulin Aid in monitoring Thyroid 1997 3 MSW
Alpha-fetoprotein Management of Testicular 1992 3 LOK
(AFP) cancer
Total PSA Prostate cancer Prostate 1986 2 LTI,
diagnosis and MTF
monitoring
Carcino-embryonic Aid in management | not specified | 1985 2 DHX
antigen and prognosis

clinical use, including a knowledge gap regarding study design, assay performance
and the regulatory approval in the process of translating promising secretomic
biomarkers from cancer discovery to diagnostics. OVAL is the first and the only
FDA-cleared in vitro diagnostic multivariate index assay of proteomic biomarkers.
It tests the levels of five proteins: CA125, prealbumin, apolipoprotein Al,
B2-microglobulin and transferrin [26]. The Risk of ovarian malignancy algorithm
(ROMA) and prostate health index (phi) are two examples of multiple markers
being measured in parallel to provide a greater level of accuracy in the clinical set-
ting. Both OVA1 and ROMA improve the performance of CA125 in predicting
ovarian malignancy in patients with pelvic mass, and phi improves the performance
of total PSA and free PSA in detecting prostate cancer and avoiding unnecessary
biopsies [26].

In a multitude of cancer research studies, there is an emerging rationale that as
our understanding of the complexity of tumor biology and microenvironment
increases at an accelerated rate, antiquated assays limited to detecting single mark-
ers may have narrow applicability and utility in a clinical setting in terms of rele-
vancy to the disease biology and the diversity of a given patient population. Patterns
of markers should prove more selective and potentially more useful than individual
markers.

The emerging hallmarks of cancer, an updated re-assessment and refining of the
six original hallmarks of cancer by Hanahan and Weinberg was published in 2011
(Fig. 1).

They have described two emerging hallmarks and added two enabling character-
istics of the hallmarks, as shown in Fig. 2. The cancer secretome will be integral in
enabling better evaluation, elucidation and translation of these new emerging
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Emerging Hallmarks

Deregulating cellular Avoiding immune
energetics ; destruction

Genome instability Tumor-promoting
and mutation Inflammation

Enabling Characteristics

Fig. 1 Emerging hallmarks and enabling characteristics as characterized by Hanahan and
Weinberg in 2011, reprinted here with permissions [2], reprinted here with permissions

hallmarks and enabling characteristics, in particular in relation to the discovery and
utility of biomarkers associated with immunological evasion and pro-tumorigenic
inflammatory activity.

2.3 Bead-Based Multiplexed ELISA: Targeted Profiling

The physical release of soluble cytokines and other soluble released factors from
cells has now been “omed” and is called the secretome [27]. Elucidating the secre-
tome or the cytokine network requires analysis tools that have multiplexing capabil-
ity. Bead-based immunoassays read by modified flow cytometry platforms have
facilitated the measurement of multiple cytokine/chemokine. A single protein will
not be sufficient to fully reflect cancer complexity. Single ELISA assays in stan-
dardized 96-well plates are cumbersome and both sample exhaustive and labor-
intensive. Therefore it is envisaged that a panel of secreted proteins would be more
informative. Bead-based assays are dominated by XMAP® technology (Luminex
Corp), which facilitates multiplexing up to 100 analytes in a single-well measure-
ment. XMAP® uses an antibody sandwich for detection but differs from ELISA in
capture substrate, substituting flat-well surface for polystyrene bead in suspension,
and detection method, utilizing streptavidin-phycoerythrin fluorescent intensity
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readout. Bead-based multiplexed immunoassays provide a medium throughput,
specific and reproducible analysis method that has a 3—4 logarithmic range of sen-
sitivity compared with 1-2 logs for ELISAs [28].

Cytokines and chemokines make up a large proportion of the secretome. The
immune system, including neutrophils, monocytes, macrophages, B-cells, and
T-cells regulate immune responses through production of cytokines and chemo-
kines. There are several different families of cytokine proteins including the inter-
leukin family and chemokines, interferons, lymphokines as well as those describing
functional activity such as tumor necrosis factor but generally not hormones or
growth factors. Cytokines act as mediators and regulate immunological responses,
hematopoietic development, and cell-to-cell communication as well as host
responses to infectious agents and inflammatory stimuli. They can interact with
each other in an additive, synergistic or antagonistic manner. Since cytokines work
in signaling networks, it is of utmost important to be able to measure multiple cyto-
kines in a single sample.

Over 2500 papers have been published utilizing some variation of the XMAP
bead-based assays to assess cytokine, chemokine and other secreted factors in a
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variety of cancer models, ranging from immortalized cells lines to primary cultures
to biofluids such as serum, plasma, urine and in even saliva. A few of the recent
reports highlighting the utility of secretion profiling are described. Secretion of
angiogenic factors, IL-6, MCP-1 and MIP-2 in ovarian spheroid cells was associ-
ated with co-culturing with adipose-derived stromal cells [29]. Th-17-related cyto-
kines, IL-23, IL-17A, IL-17F and IL-22 were elevated in plasma from non-small cell
lung carcinoma (NSCLC) patients relative to healthy donors and were associated with
risk of developing NSCLC [30]. Multivariate analysis of plasma from metastatic
colorectal cancer patients revealed LDH and IL-8 to be adversely prognostic in obese
patients [31]. In vitro the release of TNFa, IL-6 and TGF-b by activated immune cells
contributes to inflammatory breast cancer (IBC) aggressiveness [32]. Another breast
study showed that plasma VEGF and MMP-9 correlate with clinical stage of breast
infiltrative ductal carcinoma (IDC), tumor size and lymph node metastatic static [33].
In prostate cancer CCL-5 and PDGFRR secretion increased with increasing PIM-1
expression in co-cultures of BPH-1 epithelial cells and prostate fibroblasts, where the
resultant increased myodifferentiation led to the development of cancer-associated
fibroblasts in vitro [34]. Serum CCL2 was also proposed as a diagnostic biomarker of
prostate cancer [35]. Urine levels of IL-8, MMP-9 and VEGF were proposed as viable
diagnostic markers of bladder cancer [36] and saliva levels of IL-6 and IL-1b was
markers of oral squamous cell carcinoma [37].

3 The Advent of the Proteomic Era

In 2001, the Human Proteome Organization (HUPO) initiated the Human Proteome
Project (HPP) to map the entire human proteome. A cornerstone of this global effort
was to adapt and implement mass spectrometry as the prime discovery platform to
assess the complexity of the whole human proteome [S5]. Improvements in terms of
sample processing, instrumentation, data handling and informatics of MS-based
proteomic approaches has resulted in increasing utility for clinical applications
offering unprecedented sensitivity, specificity and throughput. Proteins perform cel-
lular functions essential to health and/or disease. Disseminating the protein compo-
sition and disruptions in expression levels in association with a diseased state is vital
to advance translational studies towards a fully personalized medicine approach.

Immunoassays measure proteins indirectly with antibodies. MS involves direct
measurement of an exact peptide sequence facilitating the identification of unknown
peptides with a greater degree of confidence. Immunoassays are the current gold
standard in clinical detection of protein biomarkers. However the shorter lead-time,
lower costs, multiplexing capabilities and flexibility in terms of configuration sup-
port MS as a powerful clinical tool.

Oncoproteomics is the study of cancer-associated proteins and their interactions
using proteomic-based technologies. The routine clinical usage of proteomics to
perform diagnostic and prognostic testing for determining disease status, whilst also
monitoring drug toxicity and efficacy, is the ultimate goal of this field of research.
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Sensitive and specific biomarkers in the detection, diagnosis, prognosis, prediction
of treatment response, or monitoring of treatment are vital to clinical cancer man-
agement. In particular, early detection and intervention is typically associated with
significantly improved patient outcomes. The paradigm of a single drug having
therapeutic applicability to a particular cancer disease is archaic and the advent of
personalized medicine suggests that single biomarkers are likely less effective than
panels of biomarkers would better inform the individual’s status and response to
different drugs.

3.1 Cancer Secretomics: The Whole Secretome

Most secretome studies to date are performed in vitro on cultured cells, which may
not directly correlate to the in vivo environment but at least immortalized cell lines
cancer cell lines are very tolerant to the serum free conditions typically required to
evaluate their secretome. Predominantly discovery-scale assessment of cell culture
supernatant secreted proteins is carried out utilizing a mass-spectrometry approach.

Undertaking a broader-based, discovery proteomics-based approach will enhance
the ability to discover clinically-relevant biomarkers [38]. Secreted proteins are
excellent candidate serological tumor biomarkers and drug targets for cancer treat-
ment [39]. Mechanistic elucidation of the corresponding signaling pathways
involved could also lead to a more targeted approach to current patient treatment
options in a wide variety of cancers and subtypes within a disease group. Current
trends indicate that a more thorough investigation of the tumor secretome results in
more sophisticated combinatorial drug approaches. Two-dimensional gel electro-
phoresis coupled with protein identification by mass spectrometry is the most com-
monly implemented approach to discovering the cancer secretome [40]. To date a
standardized procedure for selection of secreted proteins as potential clinical bio-
markers does not exist in the field. However the most documented approach involves
focusing on differential expression of secreted proteins under two distinct condi-
tions. Proteomic techniques are universally employed to investigate the cancer sec-
retome. With improvements in mass spectrometry methods, comprehensive
bioinformatic tool development and expansion of analytical techniques to handle
clinical specimens, proteomic approaches promote the discovery of cancer secre-
tome biomarkers [41].

3.2 Conditioned Media Sample Preparation and Purification

Incubation of cancer cells in serum-deprived media is required to eliminate abun-
dant serum proteins that mask the lower abundance secreted proteins under investi-
gate. However serum starvation imparts metabolic stress on the cells, resulting in
reduced cell proliferation, activation of apoptotic pathways and in certain cases
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induction of survival mechanisms that support tumor growth [42]. Cancer cells are
typically cultured in 10 % fetal bovine serum (FBS) until 70 % confluency has been
reached. After which cells are washed in serum-free media or PBS and then incu-
bated in serum-free media at 37 °C for typically 24—48 h. This conditioned media is
collected, filtered and the supernatant stored at —80 °C to reduce protease activity.

Proteins are secreted by cells in vitro into conditioned media and in vivo into
blood, urine, saliva etc at very low concentrations. There are also profound masking
effects from serum proteins, such as albumin, extracellular proteins, fibronectin and
fibulin-1 and intracellular proteins, which result in the need to purify and then con-
centrate the sample. Precipitation using trichloroacetic acid and ultrafiltration using
molecular weight columns are most commonly employed. More recently commer-
cially available hollow fiber culture (HFC) systems have been adapted to collect and
concentrate secreted proteins [43].

3.3 Secreted Protein and Peptide Detection and ldentification

Conventional and novel separation and detection techniques have been employed to
interrogate the cancer secretome, where the vast majority of studies employ two-
dimensional electrophoresis coupled with protein identification by mass spectrom-
etry [44]. Differentially expressed proteins are detected Reproducibility and
quantification advancements have promoted this approach. In particular, absolute
quantification methodologies, such as isobaric tag for relative and label-based abso-
lute quantitation (iTraq) and stable isotope labeling by amino acids in cell culture
(SILAC) have transformed proteomics and are subject to several key reviews
[45-50].

In Fig. 2, a schematic representation of a generalized workflow for whole ‘secre-
tome’ analysis in cancer cells lines is presented. In parallel collecting standard
supernatants and conducting secretion profiling by bead-based ELISA is hypothe-
sized to provide a route to quickly screen for secreted proteins and to facilitate an
independent methodology by which novel secreted biomarkers discovered via
mass-spectrometry can be validated and translated into clinically-relevant assays
that can be performed in a clinical setting that does not require specialized, expen-
sive technology platforms and expertise to perform [51].

3.4 Cancer Cell Secretome

To date secretomic analysis of conditioned media from cancer cell lines has identi-
fied potential new biomarkers in many cancer types, including lung cancer [52-56],
liver cancer [57], pancreatic cancer [58], melanoma [59], gastric cancer [60],
colorectal cancer [61, 62], bladder cancer [63] and breast cancer [64—67] and identi-
fied key pathways associated with the cancer associated secretion. A single study by
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Wu et al. [51] identified candidate serological biomarkers for cancer from the sec-
retomes of a large number of cancer cell lines, including oral cancer (OEC-M1 and
SCC-4), breast cancer (MCF-7 and MDA-MB-435S), bladder cancer (U1 and U4),
pancreatic ductal adenocarcinoma (PANC-1 and MIA-PaCa-2), lung adenocarci-
noma (CL,, and CL,_s), cervical cancer (C-33A and HeLa), lymphoma (Jurkat),
Hepatocellular carcinoma (Sk-Hep-1, HepG2 and Hep-3B), colorectal cancer
(Colo205, SW480 and SW620), skin cancer (A-431) and nasopharyngeal cancer
(NPC-TWO02, NPC-TW04 and NPC-BM1), whereby they identified a wide range of
cancer-type specific candidate markers, close to 100 pan-cancer marker candidates
and proteins putatively linked to cancer-relevant pathways. Another pan-cancer
study by Wu et al. evaluated 21 cancer cell lines covering 12 cancer-types by SDS-
PAGE coupled to MALDI-TOF MS [68]. 14 proteins [alpha enolase, cyclophilin A,
heat shock protein (HSP) 90 alpha, heat shock cognate 71 kDa protein, triosephos-
phate isomerase, fructose-bisphosphate aldolase A, alpha actinin 4, cyclophilin B,
GAPDH, GRP78, phosphoglycerate mutase 1, pyruvate kinase M1/M2, Mac-2
binding protein, and cystatin C] were detected in at least 10 of the 21 cancer cell
lines. In particular elevated secretion of cyclophilin A and alpha actinin 4 were
observed in the vast majority of the cancer cell secretomes representing the poten-
tial for pan-cancer secretomic biomarkers. These seminal pan-cancer studies pro-
duced valuable databases for secretomic mapping and for future baseline
comparisons with patient-based specimens.

There has been explosion of cancer-type specific secretomic profiling studies,
where a vast amount of secreted proteins have been identified and evaluated as
potential biomarkers of malignancy, prognosis, progression, recurrence and metas-
tasis. A selection of seminal studies that advanced the field is demonstrated here.
Kawanishi et al. compared the poorly invasive bladder cancer cell line, RT112 to the
highly invasive T24 cells [54]. By shotgun proteomics, the chemokine CXCL1 was
found to affect the invasiveness of T24 cells, where higher expression of CXCLI1 by
immunohistochemistry (IHC) was associated with higher pathologic stage of the
disease. CXCLI1 expression was also validated in urine from high-grade bladder
cancer patients compared to low-grade tumors. Kulasingam et al. compared the con-
ditioned media from three breast cell lines, MCF-10A (breast epithelial), BT-474
(non-invasive breast cancer) and MDA-MB468 (metastatic breast cancer) by 2D
LC-MS/MS, resulting in the identification of 30 proteins of interest of which 11
were independently confirmed by immunoassay [57]. Activated leukocyte cell
adhesion molecule (ALCAM) was the most promising target identified and subse-
quently validated in a breast carcinoma patient cohort against matched normal
healthy donors, which outperformed the classical biomarkers CA15-3 and
CEA. Planque et al. conducted a comprehensive secretomic assessment of condi-
tioned media from small cell lung cancer cell lines, H23 (adenocarcinoma), H520
(squamous cell carcinoma), H460 (large cell carcinoma) and H1688 (small cell lung
cancer) by 2D LC-MS/MS. Elevated secretion of metalloproteinase domain-
containing protein 17 (ADAM-17), osteoprotegrin, pentraxin 3, follistatin and
tumor necrosis factor receptor superfamily member 1A were identified and vali-
dated in serum by immunoassay [46].
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Although a smaller number of in vivo studies involving human-derived biofluids
have been undertaken; a range of clinical studies have been reported in the literature
in renal cancer [69], lung [70-72], colorectal cancer [73, 74] and breast cancers
[75-77], where promising potential serological biomarkers have been proposed.

Converting these novel biomarkers to translational medicine requires extensive
validation and development, which presents the next major barrier to adoption of
this approach in a broader clinical setting. Even where translational medicine is the
laboratory focus and handling of clinical samples is the norm, most scientists are
ill-equipped for the prospect of transitioning a biomarker from discovery to clinical
development phase, which is a current concern that needs to be addressed to fully
take advantage of this approach.

4 Patient-Derived Cancer Models

Traditional cell culture supernatants lack the tumor-host microenvironment, which
more closely approximate the cancer setting. More advantageous and conversely
more challenging is the prospect of utilizing patient-derived tissue to disseminate the
cancer secretome. The concept of utilizing models derived from patient tissues is
rigorously under investigation in a multifaceted manner as an evolution towards a
new pre-clinical model paradigm; to perform drug efficacy, to capture genomic aber-
rations and genetic instability and to develop substantive biomarker readouts, be
they disease (predictive or prognostic); or drug (pharmcodynamic or efficacy-
response) related, is underway.

4.1 Patient-Derived “Short-Term” Cultures and Xenografts
(PDC’s/PDX’s)

Immortalized cancer cell lines do not conserve the heterogeneity of the original
malignancy and also are not influenced by the proper microenvironment, both traits
are integral to cancer development and treatment resistance. The limited nature of
in vitro models has contributed significantly to the failure of many pre-clinical models
to translate to the clinical setting [78]. Using patient tissue, with minimal manipula-
tions, better replicates the tumor microenvironment and tumor heterogeneity. Patient-
derived cell cultures are created when a portion of tumor tissue is minced in culture
medium and disaggregated by overnight incubation in collagenase [79]. Cells are ini-
tially cultured in tumor-type specific medium containing 10% fetal bovine serum
(FBS), antibiotics and glutamax. Once stabilized, cells can be seeded and cultured in
the absence of FBS and conditioned media/cell culture supernatants can be collected,
centrifuged to remove debris and stored at —80 °C for secretomic profiling.
Patient-derived xenografts are created when a fresh piece of tissue from a patient’s
primary tumor is implanted orthotopically, subcutaneously or under the kidney capsules
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of an immunodeficient mouse [70]. PDX models are known to preserve the tumor
architecture and surrounding stromal compartment at the histopathological level,
and inter and intra-tumoral heterogeneity, including genomic aberrations found in
the patient. PDX’s are also a renewable source of tumor tissue that can be serially
propagated in vivo, as well as support the derivation of additional short-term cell
lines at each passage in a longitudinal fashion [80]. RNA, DNA and protein from
xenograft tissue and/or short-term cell line, along with biofluids such as blood,
plasma, serum, exosome (in vivo) and cell culture supernatants (in vitro) can be col-
lected/extracted and utilized in an array of downstream applications from whole
genome sequencing to secretomic profiling. There are many examples of sophisti-
cated use of these models in oncology-based pre-clinical trials [81-83].

There are many benefits to utilizing PDX models, however it is worth remember-
ing that they lack a fully functioning immune system, require systematic histopatho-
logical and molecular characterization with every passage and are labor-intensive to
manage and long-term costs can be prohibitive [70]. Currently efforts to derive PDX
with a fully representative immune microenvironment are ongoing. In the future,
these models will inform personal trials that can address individual variation in
response to a drug and/or the onset of resistance [21].

Emerging patient-derived models include ex vivo organotypic cultures [84],
in vitro 3D cultures using scaffolds [85], generation of in vitro organoid models [86]
and ex vivo explants in 3D microfluidic devices [87]. Since these models most
closely approximate the tumor in vivo, it is hypothesized that novel discoveries in
this setting would be most readily recapitulated in the patient population. However
there is a still a long way to go in terms of certitude in how these models behaves.

5 Tumor Microenvironment

Secreted proteins are encoded by approximately 10 % of the human genome [35]. The
cancer secretome is comprised of proteins released or shed from the surface of a cell,
tissue or organism that are vital in differentiation, invasion, metastasis and angiogen-
esis by regulating cell-to-cell and cell-to-extracellular matrix interactions [32].
Primary tumors are composed of cancer cells, as well as a wide variety of stromal
cells, which are recruited as active co-instigators and facilitators of malignancy. This
heterotypic interaction or cross-talk between cancer cells and fibroblasts in the tumor
microenvironment is mediated by a variety of soluble factors, including secreted
cytokines, chemokines, growth factors and immunoregulatory cytokines [88].

5.1 Cancer-Associated Fibroblast Secretome

Tumor cells only comprise a subset of the entire secretome of the microenviron-
ment. It is critical that the stromal cell population is investigated just as rigorously
to identify novel biomarkers specific to the cell type and key stromal regulators of
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Fig. 3 Cancer secretome involving the tumor-stromal microenvironment as described by
Diamandis et al. in 2010 [25], reprinted here with permissions

tumor initiation, progression and invasion [24]. By monitoring changes taking place
in the tumor microenvironment via cellular and molecular profiling as malignancy
progresses, the identification of cell and protein targets for cancer prevention and
therapy is possible [89].

In Fig. 3, Cancer associated fibroblasts (CAF’s), immune inflammatory cells
such as monocytes, macrophages, neutrophils and lymphocytes and vascular endo-
thelial cells and pericytes, as well as stromal stem and progenitor cells, comprise the
entirety of the tumor microenvironment. CAF’s are recruited by cancer cells to pro-
mote tumorigenesis, resulting in altered protein expression and secretion of the
tumor microenvironment. CAF’s provide an essential communication network via
secretion of growth factors and chemokines inducing an altered extracellular matrix
(ECM) [90]. They are also the most abundant cells present in tumor adjacent stroma
and have distinct morphological and biological characteristics compared with nor-
mal fibroblasts. The tumor-promoting properties of CAF’s can be maintained
in vitro in the absence of the epithelial tumor cells. It is possible to isolate fibro-
blasts from primary tumor tissues and culture them in vitro to elucidate the role they
play in the tumor microenvironment in a less complex biological system [91].
Reactive stroma has an increased proportion of fibroblasts present when compared
with normal stroma. Invasiveness is associated with an expanding tumor stromal
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compartment resulting in increased deposition of ECM, known as desmoplasia.
CAF’s can affect cancer progression by secreting and organizing altered ECM
within the tumor stroma. However the explicit transition of normal stroma into
CAF’s is not well understood.

Many of the original and emerging hallmarks of cancer and their enabling char-
acteristics are interconnected and the role that CAF’s play is integral to almost all of
them as shown in Fig. 4. The importance of CAF’s in cancer progression through
multiple interactions with the cancer cells and other cell types within the tumor
microenvironment suggest that secreted markers shed by CAF’s could, not only
further our understanding of tumor initiation and proliferation but also be targeted
by novel therapeutic agents in both primary and metastatic disease.

A number of secretomic profiling studies have attempted to better understand the
role CAF’s play within the tumor microenvironment and what makes them different
from normal fibroblasts. Chen et al. generated CAF’s from fresh surgical colorectal
adenocarcinoma tissue and compared them to their adjacent normal fibroblastic
counterparts. Conditioned media was collected from each cell population and ana-
lyzed using SDS-PAGE, in-gel tryptic digestion and label-free LC-MS/MS. FSTLI,
transgelin and decorin was found to be abundant in the fibroblastic secretome.
Through silencing of transgelin and FSTL1 in the colonic fibroblast cell line CCD-
18Co, enhanced colon cancer cell growth was observed in co-cultures. Independently
FTSL1 was shown to have increased secretion levels in the plasma from colon can-
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cer patients [93]. Ge et al. conducted comparative secretome analysis between
CAF’s and normal fibroblasts derived from differentiated nasopharyngeal squamous
cell carcinoma (NPC) mucosal tissues and identified Galectin-1, a known modulator
of cell-cell and cell-matrix interaction as a CAF-specific marker of influence in the
context of the NPC microenvironment [94]. Bagordakis et al. expanded upon a
study where a more aggressive phenotype of oral squamous cell carcinoma was
directly promoted by secreted molecules from CAF’s. Their study focused on exam-
ining the differences between these proliferation and invasion promoting CAF’s and
normal oral fibroblasts (NOF’s) using label-free LC-MS/MS techniques. FNDC1,
SERPINEI and STC2 were upregulated in the CAF’s and are associated with ECM
organization and disassembly and collagen metabolism. Interestingly NOF’s treated
with TGF-B1 transformed into CAF’ and expressed high levels of FNDCI,
SERPINEI and STC2 confirming their role in the CAF-derived secretome.

The secretome of myofibroblasts [61, 95] and other cell types such as macro-
phages [96] found in the tumor microenvironment have been studied, although there
are scant examples of this in the literature.

5.2 Stem Cell Secretome

The stem cell secretome is of increasing interest to researchers, in terms of the poten-
tial use of these cells in regenerative medicine [97]. Secretomic analysis could be
fundamental to understanding the underlying molecular mechanisms that drive these
cells ability to self renew and differentiate. Most efforts to date have targeted charac-
terizing growth factors, cytokine and other molecules secreted by stem cells to eluci-
date the immunomodulatory, anti-inflammatory and angiogenic processes [98]. A
review of the stem cell secretome by Makridakis et al. highlights studies encompass-
ing human embryonic stem cells (hESC’s) [99, 100], human bone marrow derive
mesenchymal stromal stem cells (hBMSC’s) [101, 102], human adipose derived
stem cells (hASC’s) [103, 104] and cancer stem cells (CSC’s) [105]. There is evi-
dence to suggest there are glioblastoma stem cells (GSC’s) capable of self-renewal
that show resistance to current glioblastoma therapeutic intervention. Thriant et al.
discovered hapatome derived growth factor (HDGF) was upregulated in GSC’s but
not in the tumor tissue itself, nor in neural stem cells (NSC’s), also part of the glio-
blastoma tumor microenvironment. In vivo GSC’s secretome induced neoangiogen-
esis, an effect that could be blocked by HDGF silencing by small interfering RNAs
(siRNAs) [96]. Brandi et al. defined a secretomic signature of pancreatic cancer
stem-like cells (CSC’s) by comparing Pancl CSC’s with the parental pancreatic cell
line [106]. Ceruloplasmin (CP), galectin-3 (GAL3) and MARCKS were found to be
upregulated in the CSC’s and were validated by immunoassay in sera from a pancre-
atic ductal adenocarcinoma (PDAC) patient. They propose CP as a promising marker
for patients negative for CA19-9. In order to make a tangible impact, continuing
advances in proteomic techniques, coupled with more sophisticated experimental
design through the establishment of valid model systems is required [89].
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5.3 Metastatic Secretome

Patient survival odds decrease dramatically when cancer progresses to the forma-
tion of metastatic tumors. This multistep process involves circulating tumor cells
disseminating from the primary tumor and colonizing other organs. Primary tumors
secrete growth factors and chemokines that mobilize inflammatory immune cells to
the target organ to form this niche. The cells that comprise the niche then secrete
factors both proximally and distally attracting circulating tumor cells. Better under-
standing of the crosstalk between immune cells at the niche and tumor cells is vital.
Bidirectional crosstalk within the microenvironment at the tumor-host interface is
also relevant in the metastatic setting, where tissue remodeling and adaptation is
extensive. Evaluation and identification of the secreted signaling proteins that
orchestrate these biological processes is an area of increased focus in recent years.

Paulitschke et al. conducted shotgun proteome and secretome profiling by MS on
normal human skin fibroblasts and melanoma-associated fibroblasts from meta-
static human melanoma mouse xenograft model, M24met [38]. Short-term ex vivo
primary cell cultures from the fresh tissues were developed to obtain the appropriate
biospecimen for subsequent analysis. A novel secreted protein, epididymal secre-
tory gluthathione peroxidase (GPKS5) was exclusively expressed by M24met mela-
noma cells, as well as periostatin and stanniocalcin-1 by the melanoma-associated
fibroblasts. All three secreted proteins are candidate diagnostic markers that poten-
tially could aid early detection of metastatic melanoma.

Additional studies have been undertaken to identify extracellular protein factors
that modulate the metastatic phenotype of non-small cell lung cancer (NSCLC) by
quantitative secretomic analysis [107], and to evaluate the cooperation between
CSC and non-CSC prostate cancer cell subpopulations in driving metastasis [108].

In 2016, close to 250,000 people are projected to be diagnosed with breast cancer
and almost 41,000 will develop metastasis and die in the US [109]. Almost 70 % of
metastatic breast cancer is found in the bone. Secreted proteins mediate communi-
cation and interactions between metastatic cancer cells and bone stroma, as part of
the broader “seed and soil hypothesis” put forward by Paget [110]. The process by
which cancer cells disseminate is highly-controlled but there is still a gap in under-
standing exactly what cellular and molecular processes are regulating the movement
of these disseminated cancer cells and their survival within the bone [111].
Combining in vitro secretomic findings from metastatic cell lines with functional
validation in in vivo models is an experimental prerequisite to evaluating this com-
plex biological system. Blanco et al. conducted a bone metastasis secretome study
by SILAC-based MS to identify and annotated candidate secreted biomarkers by
comparing parental breast cell lines (MDA-MB-231 and 4T1) and their metastatic
derivatives. They also included in vivo experimental validation of the novel func-
tional importance of clinically-important markers, including cathepsin inhibitors
(CST1, -2 and —4), collagen functionality proteins (PLOD2 and COL6A1) and
plasminogen activators (PLAT and PLAU) that have the potential to be utilized in
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the detection of bone metastasis as well as druggable targets for treatment [112].
Aguado et al. combined secretomic profiling and transcriptional activity as mea-
sured via Transcriptional Activity CELL aRray (TRACER) to assess the bone hom-
ing mechanism in diseased splenocyte conditioned media (D-SCM) containing
immune cell secreted factors, derived from an MDA-MB-231 metastatic breast can-
cer mouse model [113]. Interaction between the immune cell secretome and the
active transcript factors within the metastatic cells aided identification of several
key functional mediators of homing, including haptoglobin, which was validated
in vitro and in vivo as a tumor cell recruitment secreted factor. These two examples
highlight a more systems biology approach to discovering functionally-relevant
markers for metastatic processes.

6 The Advent of Personalized Medicine

Personalized medicine encompasses genomic, proteomic, transcriptomic, metabo-
lomic and emerging—omic profiling, melded with histopathological insights to the
type, stage, and grade of the disease, to individualize therapeutic intervention and/
or response to a specific drug regimen [3]. The importance of each individual—
omic approach cannot be understated. The rapid advancement of high-throughput
technologies, such as NGS and MS facilitate the generation of large-scale whole
genome, exome and proteome data sets with a high resolution at increasingly afford-
able cost [3]. In order to fully utilize these platforms, technical acumen at the bench,
as well as bioinformatic expertise are essential. These two areas are now particu-
larly in an exponential phase of innovation, with respect to clinical specimen han-
dling, sample preparation and increasingly smaller yields as input and dynamic
pipeline tool augmentation and development. Targeted measurements and their inte-
gration into a pan-omics measurement is a critical step in elucidating the complexity
of cancer biology systems [114].

Since the introduction of the first massively parallel DNA sequencing platforms in
2005 ushered in the new era of NGS, the rate of publication of—omic based studies
associated with precision medicine has been on the rise. Based upon the last few
years, we could be headed into an exponential phase of discovery as proteomic and
metabolomic technologies mature and emerging—omic methods are adopted (Fig. 5).

NGS has become the standard technology and Buermans description as a molec-
ular microscope that has been widely adopted across every field of biomedical
research is very apt [8]. The ease of use and lower costs revolutionized genomics
research bringing NGS into many small-scale laboratories. In parallel gene expres-
sion studies migrated from hybridization array platforms, where a priori knowledge
of gene sequences was required to develop gene-specific probes for capture, to
NGS, where novel transcripts could be read and mapped, and splicing, fusion and
translocations could be identified [6, 7].
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6.1 Proteogenome

Proteomic technologies have also matured in the last decade to a level where MS
delivers system-wide data on the qualitative and quantitative abundance of proteins
and peptides. Proteogenomics involves the integration of genome and proteome
data to facilitate more meaningful insight into the connection between physiology
and genotype [10]. This field is associated with annotating newly sequenced
genomes that can then be validated by MS-based proteomics data. Inclusion of
RNAseq data further augments discriminating proteoforms [115, 116].
Proteogenomics faces challenges in terms of sheer scale of data generation.
Developing bioinformatic tools to generate a peptide database from a given genome
and then match peptides to MS/MS spectra and to merge transcriptomic and pro-
teomic datasets to identify novel proteins and discriminate protein-coding from
non-coding genes are highly desirable with the ultimate objective being correlating
phenotype to genotype [107]. High profile large-scale studies are moving forwards
towards integrative systems biology approaches [117, 118].
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6.2 Clinically Actionable Target Identification

In 2011 the National Academy of Sciences released a framework for development
of a new taxonomy of disease, a blueprint to facilitate precision medicine [12].
Putative predictive, prognostic and pharmacogenomic cancer biomarkers should
support decision-making with respect to what the therapeutic options are, who
would benefit from the treatment and what dose of drug would be efficacious.
Countless potential cancer biomarkers have been proposed but the actual number of
clinically applied predictive biomarkers is extremely low. NGS has facilitated the
identification of putative targets for novel molecularly targeted therapies, such as
PTEN deletion in prostate cancer and others [119]. ALK rearrangements in lung
cancer and neuroblastoma [17, 120], FGFR mutation, amplification or rearrange-
ment in many cancers including breast [121], MDM2 amplification in sarcoma
[122] and MET amplification in bladder, gastric and renal cancer [123] to name a
few. This list is rapidly growing as studies expand in scope and scale, incorporating
many more clinical subtypes.

The human protein reference database (HPRD), mulit-omics profiling expres-
sion database (MOPED) and proteomics database (Proteomics DB) house large pro-
tein data sets, a majority of which as secretome profiles from biological fluids,
which are advantageous for biomarker lead prioritization because expression levels
of a target can be readily measured and monitored in responsive to therapy in a non-
invasive way [24]. Only 620 of more than 22,000 proteins form the basis of
mechanism-based FDA approved drugs and coalesce around a small number of pro-
tein families, including enzymes, ion channels, transporters and receptors [124], of
which over 70 % are membrane-bound or secreted. Narayanan integrated chemoin-
formatic tools, secretomic databases and chemogenomics analysis using canSAR, a
tool to mine the cancer proteome for druggability, to define 34 druggable leads,
including 7 drug-like cancer bio-active lead compounds, CDC42BPB (Foretinib, a
MET and VEGFR2 inhibitor), CHEK2 (CHEMBL574737, a CDK2 inhibitor),
CSNK1A1 (CHEMBL2010872, a TIE-2 inhibitor), KDM4C (CHEMBL1230640, a
KDM4/L3MBTLI inhibitor), MCIR (CHEMBL373821, a melanocortin receptor
inhibitor), MTPA (CHEMBL1243250, a MTAP inhibitor) and P2RY12
(CHEMBL2402259). This integration of chemogenomics and secretomics provides
an immediate start point for novel therapeutic testing in primary cultures and pre-
clinical models.

6.3 Integrative Systems Biology: The Revolution Will
Be Personalized

In the last 5 years systems biology is transforming cancer care from symptom-based
diagnosis and treatment to precision medicine. Cancer research has benefitted from
whole genome and whole exome sequencing (WGS/WES). The Cancer Genome



114 M. Bowden

B e 1 {Clinicai | B c
—— ! Ldnta i

Ii gaz ity chr 4
X m E '\,,".mmu uul Deletions
4 \ i ! Duplications
H AT
i stage ]

S Indels

Medi:al

WkPania, | RNA
| A expression

Protein
expression

, Prevantion i
L Trealmant i

Fig. 6 Schematic representing the implementation of integrative Personal Omics Profiling (iPOP)
for personalized medicine, encompassing sample collection (a), through omic analysis (b) and
interpretation (c) to intermittent interval testing (d) and reporting outcome to patient (e), reprinted
here with permissions

Atlas and the International Cancer Genome Consortium are pan-institutional col-
laborative initiatives to capture the genomes of all cancers. However, genomic
information alone is insufficient to predict a person’s health [125].

Transcriptomic, proteomic and metabolic information are a better reflection of
phenotype; therefore combinatorial, longitudinal studies should elucidate an indi-
vidual’s physiological status. From this hypothesis the integrative Personal Omics
Profie (iPOP) was first envisaged by Chen et al. [126]. iPOP is modular, allowing
for additional emerging omic information to be incorporated, such as methylome,
epigenome, microbiome, environome, exposome, miRNome, interactome and phar-
macogenome. A schematic representation of the implementation of iPOP for per-
sonalized medicine by Li-Pook-Than is shown in Fig. 6, reprinted here with
permission [127]. The first iPOP study followed a healthy individual at 20 time
interval during a 14 month period through sequencing the whole genome and over-
laying the exome, transcriptome, proteome, metabolome and auto-antibodyome.
This analysis enabled predisposition of the individual’s genetic risk and conse-
quently tracked the early onset of type 2 diabetes in real-time [12].

Rosenblum and Peers described integrative personalized medicine as the ‘the
ability to look on biological systems at different “omics” levels allows us to stratify
complex biological phenomena towards understanding of complex biological traits
and pathologies’ [5]. Ultimately monitoring patients at regular intervals and build-
ing individual omic profiles to develop molecular signatures as a real-time snapshot
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of the patients’ physiological and pathological status. The cataloging of molecular
mechanisms that confer cancer pathophysiology, serve as novel therapeutic targets,
and may constitute biomarkers of early diagnosis and prediction of therapeutic
response [19].

The individualized complexity that this seminal study raised revealed the very
future of how disease monitoring and diagnosis should be monitored.
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The Importance of Circulating Tumor Cells
and Tumor Models in Future of Cancer
Therapy

Babak Behnam, Hassan Fazilaty, and Ali Roghanian

1 Introduction

Cancer-associated mortalities are mainly due to the spread of tumor cells from pri-
mary sites to secondary organs via a mysterious journey, a process called metasta-
sis. In order to metastasize, tumor cells delaminate from the primary site and enter
to the circulation (blood/lymph), through which they can travel and reach distant
organs and overt secondary tumors [1]. These circulating tumor cells (CTC) have to
win the battle against several different defense mechanisms of the body. The pro-
cesses involved in tumor metastasis are highly complex and vastly unknown, and
require understanding of the molecular mechanisms. Therefore, they have to carry
out a smart well-orchestrated plastic program to progress and survive. It has been
shown in several types of carcinomas that epithelial cancer cells need to go through
a transition program called epithelial-mesenchymal transition (EMT), in which
cuboid epithelial cells acquire mesenchymal features in order to migrate and invade
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from the primary site. On the other hand, for colonization in the secondary organ,
tumor cells ought to have epithelial characteristics such as high proliferation to
overt metastatic tumors, which suggest a reversion of mesenchymal to epithelial
state called mesenchymal-epithelial transition (MET) [2—-6]. Several signaling net-
works and molecular mechanisms are involved in cancer metastasis and epithelial
plasticity in a spatiotemporal manner [7-11]. Also, the importance of hypoxia has
been well recognized in the tumor microenvironment as well as the emergence of
cancer stem cells (CSC) [11, 108]. Notably overexpressed major players in hypoxia
(e.g., HIF-1a, BNIP3, CA-IX and GLUTI1), EMT (e.g., Snail, Twist, EpCam,
Vimentin and E-cadherin), and CSC (e.g., Nanog, OCT4 and SOX2) provide a suit-
able microenvironment for the CSCs and CTCs escape from immune attack in the
blood stream.

One of the most promising ways to understand cancer biology is to study human
derived cancer models, where primary tumors are analyzed outside their host.
Among these models, cancer cell lines, PDTX and, more recently developed, pri-
mary tumor organoids are current most used models.

1.1 Immune System Suppression and Evasion by CSCs

Immune surveillance has the potential to recognize malignant cells and eliminate
them in their infancy. However, cancer cells have developed strategies to evade
immunity or even tolerize the immune system in order to avoid elimination by these
specialized cells [12]. Hence, immune evasion by cancer cells is one of the ‘hall-
marks for cancer’ which in recent years has attracted researchers’ attention and has
been the subject of intense investigation [13]. Similar to cancer cells, CSCs identi-
fied in a wide range of tumors have been shown to express/secrete a large number of
immunosuppressive molecules, such as CD200 and CD47 (see below), and are
poorly immunogenic, which results in their protection from the immune system
[14]. Additionally, it has been suggested that CSCs may interact with the immune
cells within the tumor microenvironment to “hitchhike” through the circulatory sys-
tem, shielding themselves from destruction by systemic shear stress and the immune
system [15]. Although still in its infancy, CSC immunology has attracted more
attention in recent years and would prove to be an important and fundamental ave-
nue to target tumor progression, dissemination and resistance in patients.

One of the most studied receptors implicated in immune evasion is CD47, which
is a widely expressed cell surface protein expressed on cancer cells. Importantly,
CD47 has been shown to be expressed by certain CSCs, such as primary human
acute myeloid leukemia (AML) stem cells [16, 17]. Casey and colleagues recently
demonstrated that CD47 expression is controlled by the MYC oncogene which
binds directly to its promoter [18]. Moreover, hypoxia-inducible factor 1 (HIF-1)
directly activates transcription of the CD47 gene in hypoxic breast cancer cells [19].
Increased expression of CD47 has been reported to act as a ‘don’t eat me’ signal
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and, via binding to signal-regulatory protein alpha (SIRP-a), enables cancer cells to
evade phagocytosis by macrophages [19, 20]. A recent study reported that, in addi-
tion to inhibiting phagocytosis, the expression of mouse CD47 receptor on human
tumors can potentiate metastasis in an in vivo xenograft model [21]. In agreement
with these observations, agents such as mAbs that block the CD47:SIRP-a engage-
ment are attractive therapeutic candidates as a monotherapy or in combination with
additional immunomodulating drugs for activating antitumor responses in cancer
patients [22]. Similarly, targeting of CD47 by specific blocking mAbs would also be
a viable strategy for eradicating CSCs [23].

Another receptor implicate in CSC immune evasion is CD200 (OX2), a highly
conserved member of the immunoglobulin superfamily, which is a widely distrib-
uted cell surface protein. CD200 interacts with CD200R that is highly expressed
on myeloid and some lymphoid cells, such as macrophages and activated T cells
[24]. CD200 activation leads to a potent immune suppression in immune cells. For
instance, CD200:CD200R engagement on macrophages suppresses cytokine pro-
duction by macrophages [25]. In addition, CD200 has been shown to express on
the surface of several cancer cells, such as melanoma, breast, chronic lymphocytic
leukemia and ovarian cancers, and its knockdown in mice results in earlier onset of
autoimmunity [26]. As such, cancer cells have been shown to downregulate
immune cells activation via CD200:CD200R engagement in various experimental
models [27, 28]. More importantly, CD200 has been reported to be highly upregu-
lated in CSCs, which may function in immune evasion and suppression by these
cells [29]. This makes CD200 an interesting target for targeting CSCs therapeuti-
cally [30].

Other potential CSC surface targets include CD44 and CD133 [31]. CD44 is a
ubiquitously expressed transmembrane glycoprotein highly expressed by CSCs, such
as breast, prostate and pancreatic CSCs. CD44 plays a major role in tumor prolifera-
tion, survival, progression and metastasis and is used for isolation of CSCs [32-35].
Hence, CD44 may be a therapeutic target for eradicating CSCs. In this regards, CD44
specific mAbs have been shown to inhibit growth of AML cells in vivo [32]. On the
other hand, CD133 expression on tumor cells makes them resistant to chemo- and
radio-therapy is a marker of poor prognosis [36]. CD133 mAbs have therefore been
generated to successfully target CSCs in experimental models [37].

In addition to the expression of surface markers, CSCs have been shown to
secrete immunosuppressive molecules. For instance, breast and glioblastoma CSCs
secrete more TGF-f as compared to normal tumor cells [38, 39]. Colon CSCs are
further known to secrete Interleukin 4, which promotes drug resistance [40, 41].
These cytokines are potent inducers of tolerogenic dendritic cells and M2-polarized
macrophages, which are responsible for inducing immune suppression [42, 43].

In summary, as outlines above, it is clear that CSCs, via expression of numerous
cell-bound and soluble factors, employ a wide range of immune evasion and/or sup-
pressive mechanisms leading to their longevity in cancer patients. Better under-
standing of these mechanisms and using therapies to intercept these suppressive
mechanisms are attractive strategies to prevent cancer resistance and recurrence.
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2 In Vivo and In Vitro Tumor Models

Tumor microenvironment is complexed of neoplastic and non-neoplastic cellular
and non-cellular components; all contribute to malignant constitution of cancers.
Non-neoplastic cellular components consist of stromal, immune and mesenchymal
stem cells. There are tremendous suggesting documents that tumoral non-neoplastic
cells also encourage cancer initiation, progression and metastasis whose suppres-
sion or rearrangement can inhibit tumorigenesis. Recruiting in vivo and in vitro
systems such as scaffold and matrix-based 3D systems -which were originally
developed for regenerative medicine-, improved approaching these non-neoplastic
components such as tumor stroma activity in progressed metastatic cancers.
Moreover, pharmacodynamic and pharmacokinetic systems, including specific bio-
material drug deliveries, to fight stromal cells or to reformat the microenvironment
for tumor suppression, have been investigated. The impact of in vitro models such
as 3D tumor models is so interesting in tumor biology.

2.1 PDX Models and Challenges

An in vivo model for the investigation of tumor microenvironment is patient-
derived xenograft (PDX). Several characterized tumors-derived cell lines have been
generated for cancer research. The first PDX model was introduced in the 1980s for
providing a more accurate interpretation of laboratory results to clinical oncology
[44—46]. The applications of PDX models utilizing implanted tumor fragments in
immunodeficient mice have been increased in the recent years. PDX models with a
wide variety of tumor histopathological types have particular and specific applica-
tions for the therapeutic purposes. Therefore having the most accurate model is
essential in translational cancer research. However, the xenograft tumor cell lines
do not accurately present the tumor microenvironment [47], as they typically never
experience any in vitro conditions. We may significantly avoid any data misinter-
pretation while using PDX models by considering the potential gradual alterations
of these models in tumor growth.

Some significant correlations have been documented in a number of cancers
between genotype-phenotype (morpho-histopathological), gene expression pattern,
and therapeutic responses between the original patient samples and PDX models
grown over multiple passages [48—52]. However, these correlations and consistencies
between them in response to antineoplastic treatment have not been confirmed at
higher passages, resulting in no progress in interpretation of results. Human to murine
transition of tumor-associated stromal tissue in the PDX models may interpret it [53].

Several quantitative methods have been used for evaluation the differences
between sizes in xenograft tumor at a glance, but not from different time points yet.
They include a number of Bayesian approaches for different treatment conditions
[54-58]. However, no methods have been developed to evaluate longitudinal xeno-
graft tumor growth information across multiple in vivo passages.
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Some PDX models have been recently established for certain cancers utilizing new
methods to include tumor size information on (in vivo) multi-passages, and on time
periods beyond the murine hosts life span. A reduced time between passages has
been observed as a common phenomenon among almost all cancers. These altera-
tions are more likely to provide an accurate data interpretation of PDX models.

2.1.1 CTGCs

CTCs are invaluable tools to study and monitor cancer progression. An important
and relatively easy way to understand molecular mechanisms involved in tumor
metastasis is to study tumor cells that are delaminated from primary tumor and cir-
culate in blood system to reach other organs, which are called CTCs [1, 59]. Until
recent years, most of the studies were focused on analysis of primary tumors, as
well as therapeutic procedures that were pointed at eradication of cancer from the
original site. However, when the primary tumors metastasize, almost no treatment
is successful, and that is due to the lack of understanding of the events that follow,
as well as the protective microenvironments where the secondary tumors reside.
Now, taking advantage of new technologies it is possible to trace certain lineage of
cells, and to scrutinize CTCs in terms of quantity and quality. This provides a pleth-
ora of information regarding events occurring inside tumors, providing new possi-
bilities to fight cancer metastasis. Thus, studying and monitoring of CTCs have
provided invaluable information, and seem to hold the key for future of cancer
detection and treatment.

Several different methods have been developed to isolate CTCs from blood.
Heterogeneity of CTCs has made it difficult to find a universal tumor marker isola-
tion and enrichment. In general, approaches to isolate CTCs can be categorized to
two groups; label-dependent and label-independent technologies. In first category,
tumor cells are isolated based on their immunologic features like expression of
certain markers, while in the second group morphological characteristics like size
or density are used [60]. Each of these approaches have advantages and disadvan-
tages that can affect diagnosis and consequently treatment of procedures. Hence,
using an unbiased sensitive method is necessary for the field.

Label-dependent (LD) isolation of CTCs is based on detection of antigens that
can be distinguished from that of blood cells. LD-based technologies are mostly
based on detecting CTCs from carcinomas (cancers arising from epithelial tissue),
therefore use epithelial specific markers such as EpCAM (epithelial cell surface
adhesion molecule), or tumor specific markers such as HER2 [61]. LD-based meth-
ods have been used widely due to their specificity and significant improvement of
capturing CTCs.

Although LD-based technologies are more specific, they can enrich certain sub-
population of CTCs, thus bias the analyses by missing cells that do not express that
certain antigen. An important example is to miss mesenchymal cells when using
epithelial markers like EpCAM for CTCs isolation. Carcinoma cells can undergo
EMT that leads to loss of epithelial markers [2, 62]. Therefore, utilizing other mark-
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ers to detect upregulated mesenchymal proteins is necessary for isolation of CTCs
that have undergone EMT. Vimentin and N-cadherin are among upregulated mark-
ers in mesenchymal cells that could be used for detection of CTCs. However,
because vimentin is also expressed in other normal blood cells, other analyses to
distinguish tumor cells, like florescent in-situ hybridization (FISH) are required
[63]. Plastin 3 is another marker that could be used for tumor cells that undergo
EMT. It was identified in colorectal cancer patients that PLS3 (plastin 3 gene) is not
downregulated in CTCs that undergo EMT, while is not expressed in normal blood
cells [64]. Thus, it could be used as a marker both for epithelial and mesenchymal
CTCs. Cancer testis antigens (CTAs) are also among factors that can distinguish
tumor cells in circulation. They are uniquely expressed in human germ line cells,
and are also expressed in a variety of tumor cells. Thus, CTAs could be considered
as most specific tumor markers with potential to detect CTCs [65—70]. Tumor spe-
cific markers are also obvious choices as markers for CTC detection. For instance,
prostate-specific antigen (PSA) and prostate-specific membrane antigen (PSM) for
prostate cancer, and HER2 are among largely characterized tumor specific markers
[71, 72]. Of disadvantages of using specific markers for CTC detection could be
case-specificity and lack of enough sensitivity for a wide range of stages among
different cancer patients.

Another procedure to avoid bias in detecting CTCs is to use a combination of
markers. In a study using a cocktail of antibodies, it was shown that detection of
CTCs are largely improved compared to anti-EpCAM alone [73]. In this technique,
the investigators used antibodies mixtures against a range of cell surface antigens
including EpCAM, tumor-associated calcium signal transducer 2, c-MET, Folate-
binding protein receptor, N-Cadherin, CD318, mesenchymal stem cell antigen, Her?2,
MUC-1, and EGFR, followed by detection using CEE-Enhanced (CE) fluorescence-
labeled antibodies to capture CTCs. The latter is to avoid detecting only cytokeratin-
positive tumor cells, which is another bias in detecting the captured cells [73].

Label-independent (LI) technologies for isolation of CTCs are based on morpho-
logical characteristics of tumor cells. Recently, several techniques have been devel-
oped in order to isolate CTCs in an unbiased manner. LD technologies are developed
to specifically detect CTCs and to overcome the problem of missing a certain type
of tumor cells, such as mesenchymal tumor cells, and to avoid using expensive and
time-consuming LD techniques.

LID isolation methods are mainly based on size, density or microfluidic charac-
teristic of CTCs. Of size-dependent methods ISET®, Parsortix and ScreenCell can
be mentioned [74-76]. In ISET® (Isolation by Size of Epithelial Tumor cells) for
instance, tumor cells are isolated by filtration as a result of their large size, follow-
ing identification of trapped cells by immunohistochemical markers and quantita-
tive real-time RT-PCR [77, 78]. However, some issues like damaging CTCs reduce
the efficiency of this technology [79]. Density-based detection methods, like
OncoQuickTM [80], and microfluidic characteristic-based method, like DFF-chip
and JETTATM [81, 82], are among the other ones.

Detection of CTCs based on their size can be misleading due to the similarities
to leukocytes. A new method called NELMEC (nano-electromechanical chip) is
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developed to detect both epithelial and mesenchymal CTCs. Detection is firstly
based on size of single cells, and then on the analyses of the difference in membrane
of the cells in order to WBCs from tumor cells. The different capacitance of CTCs
and leukocytes is detected by nanograss (SiNG) electrodes [83].

Aside from capturing single CTCs, clustered CTCs are also of high clinical
importance [84] and need to be properly detected. A microchip technology (the
Cluster-Chip) is particularly developed for this purpose. This technique is indepen-
dent from tumor-specific marker in capturing CTCs, and uses specialized bifurcat-
ing traps in conditions with low-shear stress, in order to preserve the viability and
integrity of CTCs [85].

2.2  Microfluidic

Microfluidic technology can provide a suitable model system to study cancer biol-
ogy. By combination of multiple controlled biophysical and biochemical microen-
vironment, together with high resolution real-time imaging, it has developed a
useful platform to investigate complex behavior of cancer cells [86—-88]. Accordingly,
several microfluidic systems have been developed to investigate different aspects of
cancer metastasis such as cancer cell migration and invasion, adhesion and extrava-
sation [89-92].

2.3 Organoid Culture

To understand the biology of cancer and translate this knowledge into clinical treat-
ment, preclinical cancer models are necessary to resemble the real situation in tumor
and efficiently predict drug responses. However, this resemblance is rarely achieved
using many of the widely-used cancer models [93].

Although having several advantages, cancer cell lines fall short of authentically
representing the clinical status of cancer. Several widely-used cancer cell lines are
originally derived from metastatic and fast growing tumor cells, therefore slowly
growing, and many types of primary tumors are underrepresented in many of the
studies that have used this system. In addition, in the process of obtaining cell lines,
many subpopulations of tumor cells can be lost, due to selective new environment
for certain types of cells. Therefore, cell lines lose tumor heterogeneity, and adapt to
in vitro cultures. This leads to drastic shifts in gene expression patterns, consequently
making cell lines not reliable for use in cancer biology research [94, 95].

To improve the status of cancer cells outside the human body PDTX have been
developed, although not entirely satisfactory. PDTX are derived from implanting
fresh tumor parts into immunocompromised animal. Basically, original tumor con-
ditions are much better mimicked in this system compared to a plastic dish in case
of cell lines, since they are maintained in physiological in vivo environment. PDTX
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have been developed for a variety of cancer types, and the biological stability and
genetic diversity is considerably established [96-98]. However, there are several
disadvantages for PDTX being used as a perfect preclinical model. One of the most
important ones is that tumor take is not adequate, more efficiently are engrafting of
aggressive tumors. In some cases, successful xenograft could be predictive as
increased risk of disease recurrence [99]. In addition, interactions of tumor cells
with host is not totally conserved, therefore similarity between the parental tumor
and PDTX need to be analyzed in each case. And, the part of immune system is
completely missing as xenografts are developed in immunocompromised animals
[100]. Finally, utilization of animals is time consuming, much more expensive and
ethically challenging. Thus, PDTX could not be widely accepted as substitutes for
cell lines, considering features like high throughput drug screening [101]. These
gaps in cell lines and PDTX may be improved by organoid cultures from primary
tumors [102].

Extraordinary research has been focused on developing the use of human tissue
surrogates in vitro in the recent years. Self-organization of epithelia of a certain tis-
sue from corresponding adult stem cells happens when cells are embedded in a
three-dimensional matrix. Much better than traditionally culturing cell lines, in
organoid culture physiology of native epithelia is representing its origin. In cancer
also, organoids derived from the tumor of a patient provides a valuable source to
analyze biology of cancer and bring ex vivo assays to foster suitable treatment.
Culturing patient-derived tumor cells as organoids (tumor organoids) results in
preservation of genetic diversity [103]. Differentiation status and tumor heterogene-
ity and histoarchitecture can also be maintained in this system. Furthermore, patient-
specific physiological changes like hypoxia and epigenetic marks have been retained
[104]. To overcome one other weak points of cell line, which is rare normal cells
derived from healthy tissue, organoids are also being developed from healthy tissue
of the same individual [105]. Organoids can also derive from CTCs, as well as dif-
ferent cell type in different status of differentiation [106]. Organoid technology is
one of the promising tools toward personalized treatment, and provide invaluable
resource for bringing the gap between cancer genetics and clinical trial studies.

Organoid technology is also more powerful in combination with other new tech-
nologies such as CRISPR-Cas9 genome-editing system, and directed differentiation
of stem cells. For instance, in a study using CRISPR the role of several different
mutations has been scrutinized in developing colorectal cancer, introducing these
mutations in organoids from normal human intestinal epithelium. It was shown that
‘driver’ pathway mutations, like APC, SMAD4, TP53, KRAS, and PIK3CA leads to
stem cell maintenance in tumor microenvironment, while they are not enough for
developing macrometastases and other molecular alterations such as chromosome
instability are required [107]. On the other hand, organoid culture can provide a
platform for directed differentiation in pluripotent stem cells. Exocrine pancreatic
cells have been developed in order to study molecular mechanisms involved in
pancreatic adenocarcinoma (PDAC). It was shown that specific mutation cause spe-
cific phenotype. KRAS or TP53 are two prevalently mutated genes in PDAC [104].



The Importance of Circulating Tumor Cells and Tumor Models... 129

Organoids are promising tools to bring the gaps between cancer cell lines and
PDTX. Although organoid culture has opened important doors towards understand-
ing cancer biology, it lacks some of the advantages of other systems. Interaction of
tumor cells with stroma and vasculature cannot be studied in organoids, as they are
pure epithelial cultures. PDTX models are suitable for this purpose, as they are
more physiologically relevant and allow analyses that require tumor-host interac-
tions. On the other hand, drug screening can me more difficult in organoids com-
pared to cell lines, as there are potentially complicating parameters in organoid
culture system [102]. However, with recent advances organoids are considered as
an invaluable tool to study several aspects of cancer progression, and combination
of new technologies brings promise to transform this technology to be vastly used
for personalized treatment and drug screening.

3 Concluding Remarks

One of the most promising ways to understand cancer biology is to study human-
derived cancer models, where primary tumors are analyzed outside their host. On
the other hand, precision or personalized medicine in cancer field is the future of
cancer therapy. In this regard, preclinical tumor models that faithfully represent the
tumor microenvironment are necessary for cancer research. However, a majority of
the traditional models are not true representations of patients’ tumors and may not
accurately predict the clinical responses. As outlined above, the development of
novel tumor models including 3D in vitro cultures called ‘organoids’ as well as
cancer cell line and PDX models have provided useful platforms for studying tumor
biology and therapeutic testing.
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