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Abstract: Lack of relevant preclinical models that reliably recapitulate the complexity and
heterogeneity of human cancer has slowed down the development and approval of new anti-cancer
therapies. Even though two-dimensional in vitro culture models remain widely used, they allow only
partial cell-to-cell and cell-to-matrix interactions and therefore do not represent the complex nature of
the tumor microenvironment. Therefore, better models reflecting intra-tumor heterogeneity need to
be incorporated in the drug screening process to more reliably predict the efficacy of drug candidates.
Classic methods of modelling colorectal carcinoma (CRC), while useful for many applications, carry
numerous limitations. In this review, we address the recent advances in in vitro CRC model systems,
ranging from conventional CRC patient-derived models, such as conditional reprogramming-based
cell cultures, to more experimental and state-of-the-art models, such as cancer-on-chip platforms or
liquid biopsy.

Keywords: colorectal cancer; organoids; 3D bioprinting; patient-derived xenograft; cancer-on-chip;
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1. Introduction

Colorectal carcinoma (CRC) is the third most commonly diagnosed form of cancer in the world,
with an estimated incidence of 1.8 million cases in 2018, and is expected to reach 2.2 million by 2030 [1,2].
Although cancer treatment in general has improved over the past few decades, the need for more
personalized targeted therapies remains present, specifically for late-stage metastatic CRC (mCRC)
patients for whom treatment options—and consequently overall survival rates—are limited [3].

The attrition rate of anticancer drugs candidates is very high, and only approximately 5% of
drugs successfully complete phase III clinical trials [4,5]. One of the problems that might impair the
development and approval of new anticancer therapies is the lack of relevant models that recapitulate
the complexity of human cancer nature.

The main traits of an “ideal” CRC model for testing new treatment options reside in its capacity
to resemble the in vivo conditions. This includes characteristics such as the genetic-, functional- and
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histological features of the patient’s tumor, along with sequential mutagenesis (i.e., loss of adenomatous
polyposis coli, APC), followed by activating Kirsten rat sarcoma viral oncogene homolog (KRAS)
mutations and loss of TP53, the presence of stromal- and immune cells, as well as the presence and
composition of tumor stroma.

In patient-derived xenograft (PDX) models, small pieces of surgical patient tumor tissue are
used for implantation into an immunodeficient mouse. Detailed protocols of the engraftment and
propagation procedure for CRC PDX were described by several groups [6–8]. Different studies have
demonstrated the potential use of PDX as a preclinical model in the drug screening cascade, as it can
reliably predict and recapitulate CRC patient drug responses in colorectal cancer [9–15]. Although
the tumors grow in a biologically more relevant microenvironment than can be provided in vitro, the
mice are immunocompromised, therefore some of the complex interactions between the host and the
tumor might not be preserved. Furthermore, some genetic and epigenetic changes may occur in the
tumor cells during manipulations, such as resection, culture or implantation. Among several factors,
the quality of the patient specimen, tumor type and stage, technique and time to implantation may
affect the engraftment rates [16–21].

Multiple reports have shown that, after engraftment, the human tumor stroma is preserved, but is
slowly replaced by murine stroma over time throughout the consequent passages [22]. In addition,
in PDX models the microenvironment of the subcutaneous space differs greatly from that of the colon.
The latter led scientists to develop orthotopic mouse models, where the tumor is directly implanted
into the caecum. The main goal was to create an in vivo model that would allow tumor development
locally in the colon, allowing all stages progression for CRC [23,24].

Genetically engineered mice (e.g., germline APC mutant models [25] or models presenting
mismatch repair-deficiency [26]) and carcinogen-induced models [27] are widely used to investigate
CRC and its treatment screenings. These models remain the most developed CRC in vivo models, due
to their genetic controllability. Several of them are elegantly reviewed by others [28,29] and they are
not discussed in this review.

Since the use of laboratory animals is laborious, time-consuming and expensive, in vitro models
would greatly contribute to higher efficiency in drug screening. In addition, given that animal
experimentation [30] is being widely discussed, the development of alternative in vitro models is
needed to support the idea of reduction, refinement and replacement of laboratory animals. Even
though drug discovery cannot be based purely on in vitro models, they can deliver important results
that may, in turn, help in the reduction of further in vivo experiments.

In this review we discuss a broad spectrum of in vitro CRC model systems, ranging from recent
advances in conventional CRC patient-derived models, to more experimental and state-of-the-art
technology models (Figure 1). We also suggest potentially attractive models used in other cancer types
that would need further validation for CRC.

Recently developed CRC patient-derived models are usually established from freshly resected
tumor tissue that undergoes enzymatic and mechanical digestion. Patient-derived models have
emerged from liquid biopsies i.e., blood containing circulating tumor cells. Current advances in
tissue engineering allowed patient-derived cells to be incorporated into a bioink and bioprinted into
3D constructs.
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Figure 1. Overview of colorectal carcinoma (CRC) patient-derived preclinical models.

2. Conventional CRC In Vitro Models

2.1. Patient-Derived Tumor Cell Lines Cultivated in Two Dimensions

For decades, preclinical cancer research has been widely based on the use of cancer cell lines
cultured in vitro and xenografts derived from these, grown in vivo. The culture of cells in vitro lead to
the acquisition of multiple genetic and epigenetic alterations that diverge drastically from the original
tumor they were derived from. Expanding and maintaining tissue-derived cell lines in culture often
implicates the use of exogenous immortalization methods to keep cells in culture. These cells exhibit
a similar gene expression and epigenetic profile, and can be propagated in vitro, into several germ
layers, providing great potential for disease modelling such as cancer [31–34].

Recently, conditional reprogramming became widely used as a preclinical model in cancer
research [35]. It is a co-culture based technology that makes it possible to efficiently expand
patient-derived cells in culture medium supplemented with Rho kinase inhibitor (ROCK inhibitor,
Y27632) and irradiated feeder fibroblasts [36]. Y27632 has been shown to induce the proliferative capacity
of primary tumor cells resulting in efficient immortalization of cells into stratified epithelium without
any DNA damage [37,38]. Several groups have elaborated specific protocols for cell isolation from
various tumor types, including hepatocellular carcinoma [39], prostate cancer [40], tongue squamous
cell carcinoma [41] and non-small lung cancers [42]. Liu et al. described a detailed protocol of CRC
patient-derived cell cultures establishment from both cancerous and non-cancerous tissue biopsies that
had the capacity to grow indefinitely in vitro, while maintaining phenotypic and genotypic features of
the original tissue [36]. The study included freshly resected CRC tumors that generated approximately
10,000 cells after four weeks being in culture. This was done using conditional reprogramming, i.e.,
a novel next generation tool for long-term culture of primary epithelium cells derived from almost all
origins without alteration of genetic background of primary cells. Moreover, Kodack et al. reported on
a platform for functional testing on tumor-biopsy-derived cultures [43]. The criteria of a successful
generation of colon cancer cell lines were defined as the point where the cells no longer required feeder
cells to grow, could be cryopreserved and thawed and regrown, while maintaining the genotypic and
phenotypic features. The authors also elaborated an immunofluorescence-based assay using a cocktail
of monoclonal antibodies targeting cytokeratin (CK) 8 and cytokeratin 18 to specifically identify cancer
cells, since both CK8/CK18 are nearly present in all tumors of epithelial origin.

The induction of conditional reprogramming in cancer cells is fast, and, unlike in the case of
conventional cell lines, results in the generation of whole cell populations without clone selection.
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In addition, this technology makes it possible to maintain the phenotypic features of the primary
tumor in culture. Future studies are still needed to confirm the genetic diversity within the isolated
tumor cells.

In general, 2D cell cultures lack in vivo characteristics, such as tissue specific architecture, which
can affect the proliferation of the cells and their response to external stimuli. This lack of complex
cellular interactions fails to replicate the aggressiveness and heterogeneity of the disease, making 2D
cultures poor models to predict drug response for complex diseases such as cancer. Two-dimensional
models are used in a relatively high-throughput in vitro screening, but are constrained by the limited
viability and the low and/or short proliferative capacity of the cultivated cells [20]. Moreover, the result
highly depends on the isolation and culturing conditions, e.g., composition of the cell culture medium,
seeding density and the addition of supplements or cellular matrixes [44–47].

Thus, traditional cell lines cultured in monolayers are not perfectly suited for complex CRC
research and its further development led to creation of three-dimensional cell culture systems. To better
recapitulate the organ and tumor complexity, researchers expanded technology of cell cultivation using
the spheroid and organoid technology [46].

2.2. Patient-Derived Cells Cultivated in Three Dimensions

Spheroids are spherical cellular constructs, consisting of an external proliferating zone surrounding
an internal quiescent zone [48]. The co-existence of these multilayers makes it possible to mimic
the cellular heterogeneity observed in solid tumors [49,50]. We have recently developed a robust
short-term 3D spheroid model, where human CRC cells were simultaneously co-cultured with human
fibroblasts and human endothelial cells in a clinical relevant ratio [51].

Jeppesen et al. established short-term spheroids cultures obtained with a high success rate of over
80% from freshly-derived primary CRC tumors [52]. They show that the initial tumor fragment size does
not affect the success rate of spheroid formation or the cellular characteristics of the spheroid, which
preserve both the molecular and histological characteristics of CRC, while maintaining inter-patient
sensitivity towards a given treatment.

The cell culture media composition has a major impact on the success rate of maintaining high
viability of tumor-derived spheroids in culture. Available protocols remain inconsistent, as the report on
various combinations of cell medium supplements and their positive effect on cell viability [47,53–56].

To date, the 3D CRC spheroids rarely contain immune cells [57,58]. Integrating a potential immune
response in the patient-derived spheroid to a treatment might represent an important factor in the
treatment design. Recently, CRC patient-derived spheroids were co-cultured with tumor infiltrating
lymphocytes from the same patient [59] to study the infiltration, activation and function of immune
cells in tumors. This study proved that both activated natural killer cells and activated T cells infiltrated
the spheroids induced the death of cancer cells and disrupted the 3D spheroid structure. Heterotypic
co-cultures of tumor spheroids with other immune cells types could further expand our knowledge of
human anti-tumor immune responses.

Each of the above-mentioned models has its own advantages and drawbacks in terms of replicating
the in vivo physiology of original tumor architecture, TME, cellular composition, as well as response
to different exogenous stimuli. This is very often highly dependent on the initial patient specimen.
These models are being constantly improved, to better recapitulate complex cancer biology. Further
research regarding the automation, miniaturization and adaptation of spheroid co-culture models
to human tumor types will make it possible to dynamically study the anti-tumor immune response.
Several critical aspects of cell isolation and culture conditions need to be carefully considered when
handling patient-derived in vitro material. The type of dissociation method (mechanical vs. enzymatic)
used might influence the number and quality of isolated cells. In addition, the choice of an adequate
antibiotic or a mixture of thereof, as well as the concentration of this in the culture medium, is critical
to avoiding microbial contamination during transport and culture of the CRC cells [60]. Furthermore,
evaluation of the purity and tumoral nature of the isolated cells, e.g., by flow cytometric analysis or
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immunohistochemistry, is essential for preserving a representative ratio of the different cell populations
in the tumor of origin [60,61]. Patient-derived intestinal crypts (see Section 3.4) require the presence of
Matrigel, and a defined mixture of the Lgr-5-ligand R-spondin, epidermal growth factors, and Noggin,
that are known to be the most essential stem cell maintenance factors [62].

3. CRC Patient-Derived In Vitro Models

3.1. Patient-Derived Tissue Slice Culture

Three-dimensional culture systems have been developed to mimic in vivo tumors as closely as
possible by considering two aspects of cancer: heterogeneity and stromal interactions. It is important
to note that most of the models take only partially into account tumor complexity, and most of the
components of the stroma are absent [63]. Patient-derived tissue slice culture model is a tumor slice
of approximately 200–300 µm thick, which is enough to preserve histological features of the original
tumor, as well as important cellular components such as immune, vascular and mesenchymal cells [64].
The latter are important key features of this culture model [65]. Patient-derived tissue slice culture
models have already been established for various cancer types, such as prostate [66,67], breast [68] and
lung [64]. Until now, only a few reports included this model to study CRC.

Sönnichsen et al. showed that slice culture from patient-derived colorectal tumor tissue represented
similar morphological features to the original tumor over the observed cultivation period of 3 days.
Persisting tumor cell proliferation in tissue slice culture under treatment with 5-FU, as highlighted
in the study, can help identify a non-responding patients to a treatment, and therefore may help in
preventing administration of ineffective treatment in clinically applicable timeframe [69]. Unlike 3D
culture models, the initial step for this technique does not include an enzymatic digestion step of
the tumor-tissue before the cells are stimulated to grow in 3D, which, in turn, makes it possible to
maintain the complexity of the tumor without extra manipulation of the tissue [63]. Ironically, a key
advantage of this model can also be a limiting factor, as the normalization of tumor cell fractions is a
major inconvenience. The exact number of tumor cells in the tissue slice culture is not determined prior
to the initiation step, which can greatly impact the reproducibility of the results [65]. While this model
represents a promising technology to assess drug sensitivity in individual colorectal tumors, further
correlations with clinical outcomes in larger cohorts of patients to validate the clinical application of
the technique, are to be considered [69].

Tumor tissue slices of hepatic CRC metastases were used for the first time to evaluate the response
to oxaliplatin, cetuximab and pembrolizumab and measure anti-proliferative and pro-apoptotic features
of the tumor and morphometric changes [70]. Moreover, the RAS mutation status, as well as the
immunohistochemical evaluation of microsatellite stability and checkpoint protein (PD1) expression,
was assessed. This study identified non-responders and responding patients. Moreover, the original
tumor sections showed moderate to high infiltrates of PD1 positive tumor-associated immune cells,
indicating susceptibility to selected treatments.

One of the obstacles of the tissue-slice technique is the lack of long-term tissue preservation
methods. In order to address this issue, Zhang et al. developed a new method of vitrification-based
cryopreservation of tumor biopsies [71]. The patient-derived xenograft models were then successfully
established. The observed drug responses in the xenograft model were consistent with those in tissue
slice cultures performed in vitro. Importantly, the cultivation retained the heterogeneous architecture
of the original tumor giving opportunity to further analysis of tumor biology.

3.2. Liquid Biopsy and Circulating Tumor Cells

Liquid biopsy refers to the analysis of biomarkers in any body fluid [72]. In oncology, liquid
biopsy represents a non-invasive test using blood to analyze tumor-derived genetic materials (DNA,
RNA and miRNA) and proteins that either can be circulating freely in the blood or incorporated in
circulating tumor cells (CTCs) [73]. CTCs play an important key role in the understanding of the
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biology of metastasis in patients with cancer, as recent studies have shown that they are found in the
blood of cancer patients, as single CTC or CTC clusters with a strong ability to seed metastasis [74].
CTCs are new potential biomarkers that have been recently employed as diagnostic, prognostic and
predictive to a wide range of cancer type including breast, lung, prostate and colorectal cancers [75,76].
The detection and study of CTCs in peripheral blood have caught the attention of scientists over the
past decade, mainly for their promising clinical implication. A recent study showed that the disruption
of CTC clusters, which have been linked to high metastatic potential [77], increases the proportions
of single CTCs in the blood stream, but suppresses overall metastasis formation, highlighting the
importance of CTC clusters as potential therapeutic targets in cancer treatment [74].

The CellSearch® platform, approved by the Food and Drug Administration (FDA), is currently
used to identify, isolate and enumerate the CTC in the blood samples [78,79]. This technique consists
mainly of the antibodies attached to magnetic beads against epithelial cell-adhesion molecule that are
present on the surface of the CTC, and not on the healthy blood cells, separating magnetically the
CTC from the bulk of other cells in the blood sample [80]. The low number of CTCs in peripheral
blood makes it very challenging to establish their in vitro cultures. Recently, however, several groups
managed to obtain CTC cell lines from patients with prostate [81] and breast cancer [82], two tumor
types known to have a higher number of CTCs.

Cayrefourcq et al. reported for the first time the establishment of a permanent cell line from
approximately 300 CTCs of one CRC patient, using the CellSearch® platform [83]. This cell line has
been cultured for more than one year. Thorough analysis of the cells at the genomic, transcriptomic,
proteomic and secretomic levels showed high similarity to the tumor of the patient with colon cancer
that they were derived from. This approach opened a new avenue for a potential platform for novel
drug screening in CRC, by eventually generating single CTC or CTC spheres from patient-derived
blood samples.

Another protocol that can be used to establish a CTC colorectal cancer patient-derived cell line
was described by Grillet et al. The authors generated sufficient cellular material (5 million cells) within
three weeks after sample collection, and then used it to perform cytotoxicity assays. The study offered
preliminary clinical data suggesting that toxicity assays on CTC might predict patient response to
drugs. A patient, from whom a CTC line was established, died after being treated with FOLFIRI
(FOL = Folinic acid (Leucovorin) + F = 5-fluorouracil + IRI = irinotecan), a first line treatment in
patients diagnosed with mCRC [84]. The CTC line was shown in this study to be resistant to this
chemotherapy combination in vitro [85].

A potential future application of CTC in personalized medicine would be to develop CTC-derived
organoids and CTC-derived xenografts that could be used in drug screening for CRC treatment, using
minimally invasive methods, while reflecting to a high extent tumor heterogeneity ex vivo.

A major inconvenience of the use of liquid biopsy and CTC is the low concentration and yield
of CTC extraction, especially in the blood of patients with CRC [83]. Moreover, major discrepancies
have been highlighted, depending on the technique used for CTC detection, i.e., EpCAM antigen
detection-based (CellSearch®) or cell size-based (ISET assay, based on the use of specific designed
filtration membranes that allow size based exclusion of blood components, in different tumor types) [86].
The limited number of FDA approved technologies available for CTC detection and extraction makes
the technology less accessible. Its wide application in clinical practice is also limited by its high costs.
Lately, the development of microfluidic technology (see Section 3.3) is considered a potential alternative
solution for CTC isolation [87]. Nevertheless, liquid biopsy holds great promise for revolutionizing
cancer diagnostics in the future, to enable early detection.

3.3. Organ-on-Chip

The development of organ-on-chip (OOC) technology has made it possible to bridge the gap
between conventional cell cultures, preclinical animal models and clinical trials in patients. In addition
to recapitulating to a high extent the biology and physiology of the organ of origin, the OOC allow
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high-resolution-real-time imaging of living human cells in a functional human tissue and organ
context [88].

OOC are microfluidic culture devices consisting essentially of flexible polymers, such as
polydimethylsiloxane, containing perfused micro-channels harboring living cells that mimic in vivo
organ architecture and physiology. The viability of cells can be maintained over an extended period
(weeks to months) by flowing medium through the micro-channels. When the system is stabilized,
medium can be replaced by whole blood perfusion for a couple of hours [89].

Multiple research groups managed to establish OOC platforms by replacing healthy cells and
associated extracellular matrixes with those of cancers [90]. The concept behind the technology is
to model cancer cell behavior within human-relevant tissue and organ microenvironments in vitro.
OOC enable researchers to vary local cellular, molecular, chemical and biophysical parameters in a
controlled manner, both individually and in precise combinations, while analyzing how they contribute
to human cancer formation, progression and response to therapy. OOC have been developed for a
wide range of solid tumors like brain [91], bladder [92], breast [93] and non-small lung cancer [94].
Not only has this technology been used to create organs and solid cancer-on-chip, but some research
groups, like Zhou et al., have also employed it to isolate CTCs in cancer patients [87], or to model bone
marrow angiogenesis [95]. Traditional static intestine models containing human epithelial cells (e.g.,
Cako-2 or HT-29 cell lines) cultured on extra-cellular matrix-coated membranes within the trans-well
devices, could not support several intestine properties or its functions. Over the last few years, the
intestine chips have been developed with increased complexity that include channels lined to human
microvascular endothelium, immune cells or pathogenic bacteria, and allow interaction between
them [96]. That, in turn, enabled studying physiology, as well as pathology of the intestine. A good
example of such a device is the microfluidic two-channel gut chip, which contains human epithelial,
endothelial, immune and microbial cells, co-existing on ECM-coated transparent silicon polymer [97].
In this model, the pneumatic application of suctions applied in cycles enabled device deformations,
resembling the movements of intestine during the peristalsis. Importantly, under these conditions,
epithelial cells that, in conventional 2D conditions, grow in monolayers, spontaneously undergo villus
morphogenesis. This is an important improvement, as compared to organoids that do not experience
physical stretching resulting from peristaltic contractions. Those villi are lined in a columnar manner
similar to that in a real intestine [97]. Whether the human gut chip might be a potentially important
application in CRC treatment remains to be demonstrated, but it is highly possible given its successful
use in other complex disorders [96].

Along with an understanding of colonic epithelial cell behavior in the presence of microfabrication
substrates, improved crypt isolation and 3D culture was an important step in the development of
‘organ-on-chip’ approaches for studies using primary colonic epithelium. Ahmad et al. reported on a
protocol to standardize the isolation of intact murine colonic crypts by optimizing matrix concentrations
on different surfaces i.e., PDMSs. The authors presented a reproducible low-cost crypt culture protocol,
which may pave the way for further intestinal studies on patient-derived material using “organ-on-chip”
platforms [98].

Concerning tumor-on-chip platforms, only a few studies are available, leaving great possibilities
for further development. Carvalho et al. employed OOC technology to recapitulate the human
colorectal tumor microenvironment, and assess the efficacy of gemcitabine loaded nanoparticles
for the treatment of CRC using a microfluidic gradient [99]. In this device, the human CRC-like
core, containing HCT-116 and HCoMECS cells, is surrounded by a vascularized microtissue, and
serves as a tool to study radial drug penetration and efficacy of the microvascular network into a
cancer-mimicking tissue. Although the oxygen gradient is not present in this device, its potential
application is vast in CRC, or in solid tumors in general. This 3D microfluidic cell culture seems to be
an extremely useful tool in the study of various phenomena, such as vascularization and oncogenesis
under dynamic conditions. In the development of CRC, or its dissemination during the metastasis,
the organ-on-chip-like microfluidic device has been developed [100]. This device, which merges
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microfluidics and photoconvertible protein technology, enables tracing the velocity of the circulating
cells in the selectin-regulated process of adhesion and metastasis in a spatiotemporal manner.

Effectively, the OOC can be considered as a reliable platform to evaluate drug toxicity, given their
high capacity to mimic in vivo like structures and functions. However, with these models, only the
tissue or organ responses are considered without taking into account multi-organ interactions, which
is crucial to evaluating the pharmacodynamics and the pharmacokinetics parameters of a drug [101].
To overcome this challenge, so called multiple-organs-on-chip (body-on-chip) were developed [102].
The latter technology recapitulates numerous organ interactions on a limited surface, while maintaining
the highest degree of similarity to the in vivo situation. These systems usually do not require the
use of pumps, using gravity to drive fluid flow to better replicate the physiologic flow. Oleaga et al.
developed a system consisting of four different 2D tissue cultures (i.e., liver, cardiac, skeletal muscle
and neuronal components), which were integrated within a single device to evaluate the toxicity of
doxorubicin, valproic acid, acetaminophen and atorvastatin [103]. This phenotypic culture model
exhibited a multi-organ toxicity response, representing the next generation of in vitro systems.

Esch et al. integrated liver and gastro-intestinal tract tissues within their device to evaluate
intestinal barrier functions and metabolic rates of orally administered drugs and nutrients [104]. Fluidic
flow through the organ chips was maintained via gravity and controlled passively via hydraulic
resistances of the microfluidic channel network.

Another improvement of OOC was reported by Kassendra et al. on a generation of a “hybrid
model” of OOC that integrated intestinal organoids, resulting in a higher similarity to the in vivo
situation. They were able to recapitulate “normal” intestinal functions by integrating fluid flow
and peristalsis-like motions, along with immune cells to a vascular compartment, which are all key
factors to the normal intestinal physiology. In these culture conditions, biopsy-derived epithelial
cells used were differentiated into villus-like epithelium (thin brush border of the colon epithelium).
The primary human intestine chip model can be adapted for a wide range of applications, particularly
in personalized medicine, by establishing a platform that could help investigate patient-specific disease
mechanisms, as well as novel drug screening and anti-cancer therapy response [105].

3.4. Patient-Derived Organoids

Another recent development in human 3D in vitro technologies are the constructs derived from
self-organizing stem cells that mimic the architecture, functionality and genetic feature of their
corresponding organ [106]. The introduction of human patient-derived organoids (PDO) has enabled
disease modelling, highlighting their great potential in biomedical applications, translational medicine
and personalized therapy [107–109].

Moreover, PDO established from metastases taken by sequential biopsies at multiple time points,
and multiple regions of heavily pre-treated CRC patients were used as pre-clinical models in co-clinical
trials [110–112]. Those organoids were exposed to anti-cancer drugs, and the results were compared to
patients’ responses in clinical trials. The findings revealed the capacity of PDO to mimic in vivo tumor
organization, at histopathological, molecular and functional levels, and to predict patient’s treatment
response [111].

Organoids can also be used to analyze mechanisms of drug resistance. Cancer stem cells
expressing specific surface markers, such as CD44 and LGR5, known to be strongly associated with
therapeutic drug resistance were co-cultured with epithelial and stromal cells to simulate the in vivo
TME, with the use of an air-liquid interface (ALI) method [112,113]. ALI does not require exogenous
growth factor supplementation and enables multilineage differentiation and sustained growth for
over 60 days [112,114]. ALI patient-derived organoids presented higher resistance than CRC cell lines
exposed to 5-fluorouracil and irinotecan (standard-of-care treatment of advanced CRC) [115].

Despite their advantages, PDO possess also shortcomings. Their self-organizing structure
leads to different phenotypes between organoids, and might induce high background noise during
drug-screening. The use of scaffolds and other bioengineering methods could help standardize cancer
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stem cell development into a specific and robust organoid morphology [116]. Lab-grown organoids
showed some abnormalities, such as lack of cellular diversity and altered gene expression patterns [117].
Another important drawback of organoid development is time, as it takes several weeks to form a
relevant organoid [111,118]. Moreover, the lack of some epithelial components, tumor stroma and
microbiome remain major limitations of the PDO model [119]. Only very recent studies reported the
incorporation of immune cells derived from CRC patient biopsies. The infiltration of immune cells
was found to correlate with tumor growth and drug response. The ALI organoids could therefore be a
promising approach to better understanding the tumor immune microenvironment and its impact on
treatment response [120].

The PDO is an interesting in vitro model for preclinical drug development, due to its ability to
mimic human physiopathology. As this still needs further technical and cost-effective improvements,
it is unlikely that PDOs will fully replace existing drug development models.

3.5. Biomarkers-Based Drug Discovery

One other way to leverage tissue to predict drug sensitivity is to interrogate the tissue directly.
For certain tumors, this approach has been a routine part of pathological assessment of patient samples.
Breast cancers that express the receptor for estrogens and for progesterone are therefore rapidly and
cheaply detected by immunohistochemistry, and can be treated effectively with one of the range of
anti-estrogens available [121]. Similarly, B-cell lymphomas that express CD20 have had their prognosis
transformed by the introduction of anti-CD20 therapeutic antibodies [122].

A recent extension of this approach has been an FDA-approved tumor treatment based on the
tumor molecular characteristics, and not on the tissue origin or pathohistological type. This was
based on the observation that patients, whose tumors have lost their mismatch repair machinery
respond better to immunotherapy than patients with tumors, in which the machinery is intact [123].
The identification of this phenotype is routinely detected by immunohistochemistry. Other approaches,
such as the evaluation of the immune response, tumor mutation burden and expression of programmed
death-ligand (PD-L1) are also aimed at identifying patients whose tumors are likely to respond to
immunotherapy [124].

With the democratization of molecular analysis of tumors many other anomalies have been and
are being identified that can be targeted by specific therapies. The most established are the EGFR
mutations in lung cancer [125] and BRAF mutations in melanoma with loss of the homology directed
repair mechanism through loss of BRCA1/2 or other associated genes being a more recent example [126].
However, at the moment, we are experiencing an explosion of new molecules that target different
molecular abnormalities, a detailed review of which is beyond the scope of this review.

It is expected that, in the near future, we will witness a further expansion of our ability to
characterize the phenotype of tumors, probably in the domain of expression analysis and proteomics
through tissue analysis by mass cytometry [127]. These will allow the characterization of the pathways
activated in different tumors, allowing the development of pathway instead of mutation directed
therapies [128]. However, the high cost of the mass spectrometry remains the major constraint.

Moreover, Coppe et al. reported on a high-throughput kinase-activity mapping (HT-KAM) assay,
which makes it possible to reveal the phosphor-catalytic signatures of tumors [129]. The HT-KAM is
based on identifying catalytically hyper-active kinases in cell models or tissue, in order to highlight
drug resistance and identify potential new drug targets. The authors synthesized a 228-peptide library
that include 151 biological substrate protein regions phosphorylated by oncogenic kinases, and serve
as combinatorial sensors of kinases phosphor-catalytic activity. Peptide phosphorylation signatures
can be converted in kinase activity profiles, which will make it possible to identify the activity of
druggable proto-oncogenic kinases in these models. This platform was tested to determine the new
mechanism/targets of drug resistance in BRAFV600E CRC. In CRC cells (WiDr), which were exposed to
treatment with a BRAF inhibitor vemurafenib [130], downregulation of the phospho-proteins MEK1/2
and ERK1/2 and upregulation in phospho-EGFR were observed, which was in line with the previously
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reported literature findings. The authors further investigated the kinase signatures and identified
additional targets such as an increased activation of AKT1, PDPK1 and PRKCA kinases. Synergy was
observed when inhibitors of AKT1, PDPk1 and PRKCA were paired with BRAFV600E targeting agents.
This example of the screening platform introduces a new versatile approach of target-based drug
discovery, eventually to be implemented alongside other strategies to improve precision medicine.

3.6. 3D Bioprinting

In the current unmet need of closer cellular and spatial complexity of a tumor in in vitro conditions,
Boland et al. first deposed a patent for ink-jet printing of viable cells in 2006 [131]. During the last
decade, tissue engineering has known significant advances with the emergence of 3D bioprinting.
The latter showed potential to recreate tailored in vitro 3D heterocellular complex structures to replicate
the heterogeneity of the native in vivo tissue [132]. High anatomic precise positioning of living cells
embedded in a scaffold or scaffold-free based support, make it possible to obtain 3D structures [133].
A primordial component of the bioprinting procedure is the bioink. It consists of decellularized matrix,
microcarriers, hydrogels and cells. Scaffold based approach consists in using bioink where cells are
loaded in hydrogels (i.e., agarose, alginate, matrigel, etc.) that differ by their crosslinking properties and
construct size they can create. Whereas, in scaffold-free models cell density is higher, cells self-organize
and deposit an extracellular-matrix, which allows superior cell-cell interactions [134,135].

To date, there are no reports available on the use of 3D bioprinting to mimic intestine models.
This could be probably explained by the complex intestine functions, containing absorption and
secretion functions. Currently, only pharmacokinetics and toxicity studies have been reported using
such technology with the use of CRC cell lines (i.e., Caco-2) [136]. Madden et al. established a 3D
in vitro model based on 3D bilayered bioprinitng of human primary intestinal epithelium for the
evaluation of pharmacokinetic parameters, i.e., absorption, distribution, metabolism and elimination).
In this study, human intestinal epithelial cells (hIEC) were cultured for 21 days with human intestinal
myofibroblast and printed on cell culture inserts allowing easy passage of compounds between apical
and basolateral surfaces. Tissue architecture obtained with the 3D bioprinted model was compared
to monolayer culture of Caco-2 cells, the gold standard cell line model of the intestinal barrier [137].
Cell-specific markers were identified such as CK19 (epithelial) or vimentin (myofibroblasts) and
allowed to distinct both compartments; protein involved in tight junction (E-cadherin) and brush
border formation (villus). Immunohistochemical staining for mucin-2 confirmed mucous secretion,
which indicates normal intestinal function. Furthermore, genomic analysis of this 3D intestinal tissue
showed that main intestinal phase I Cytochrome p450, which is the main family enzyme implicated in
the metabolism of drugs and xenobiotics [138], especially CYP3A4, and phase II metabolic enzymes, as
well as efflux transporters, were expressed at similar levels compared to the native intestine. The same
enzymes in Caco-2 monolayers were upregulated, downregulated or undetectable. To confirm these
results, CYP450 metabolism in 3D conditions was further evaluated using an inductor of CYP3A4
rifampicin. Its activity significantly induced the metabolization of its substrate Midazolam in the
3D intestine [136]. Those findings create a new venue for 3D bioprinting as preclinical model for
evaluation and prediction of drug efficacy in drug development.

Langer et al. reported a study on patient-derived material integrated in the 3D bioprinting platform.
Their approach was based on incorporating multiple cell types (fibroblasts, cancer cells including
patient-derived cells or endothelial cells) into scaffold-free in vitro tissue of breast or pancreatic cancers.
Various parameters including cell signaling, proliferation, and response to therapies were assessed.
The 3D bioprinted model was used to create breast tumors using MCF-7 cell line. Ten-day-old tissues
containing breast cancer cells were implanted into immunodeficient mice, and xenografts were treated
using doxorubicin and targeted therapies (i.e., BEZ235, an mTOR inhibitor and sunitinib, a multi-target
inhibitor). Sunitinib reduced significantly the vasculature density in the stromal compartment and
increased collagen deposition.
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The authors further created the 3D bioprinted pancreatic tumor model containing a PDX cell line
surrounded by endothelial cells and pancreatic stellate cells (PSCs). The tumor tissue was treated for
6 days with gemcitabine (standard of care chemotherapy for pancreatic cancer), and results showed
a dose-dependent response of cancer cell death. Furthermore, a patient-derived pancreatic tumor
tissue, after enzymatic digestion, into the bioink surrounded by endothelial cells and PSCs. Bioprinted
patient-derived cells maintained their tumorigenic properties, as confirmed by proliferation marker
Ki67 staining, and showed similar morphological properties when compared to matching in vivo PDX
or primary patient tumor [139].

Among the most common challenges faced by 3D bioprinting reside maintaining high cell viability
and functionality, establishing constructs harboring in vivo like vascularization, obtaining resolution
and reproducibility. Therefore, in order to improve cell viability during the bioprinting procedure,
Colosi et al., employed a bioink that consists of a blend of alginate and gelatin methacroyl [140].
The authors optimized the formulation of a low viscosity bioink, which matches the physiological
pH and osmolarity, and promotes cells adhesion as well as cellular migration, resulting in 80% of
cell viability.

Furthermore, scientists from Rice University have recently developed a new bioprinting model that
allows to create highly complex vascular networks, which recapitulate the body’s natural passageways
for blood, air, lymph and other vital fluids. Grigoryan et al. underlined the fact that their bioprint of a
tissue was not only phenotypically similar to its healthy counterpart in the organism but also able to
“breath” like the organism, through the oxygenation and flow of red blood cells through a complex
distensible vascular network model [141].

3.7. Clinical Point of View

The clinical management of CRC has not majorly changed over the last two decades, as compared
to other tumor types. The need for more representative preclinical models in the drug screening cascade
is essential, as the attrition rate for anti-cancer drugs is very high especially for CRC. Most therapeutic
agents developed mainly target VEGF (bevacizumab, aflibercept) or its receptors (regorafenib) or EGFR
(cetuximab, panitumab). These discoveries have been made using cell lines and xenografts [142].

Each of the presented platforms possesses its own strengths and drawbacks in terms of study
design and expected outcome (see Figure 2). Patient-derived cell lines cultured in 2D monolayers
are simple to manipulate, and usually allow for large high-throughput screenings. The lack of
tumor microenvironment (TME) is improved in 3D organoids/spheroids, and they often retain the
characteristics of the original tumor including tumor heterogeneity and complexity. In contrast to
in vitro platforms, patient-derived xenograft models tumor microenvironment, but ethical limitations
and host background represent main drawbacks of these models. Cancer-on-chip models have been
recently developed as more physiologically relevant platforms [93,119,143,144].

Interestingly, in the case of the BRAFV600E, single or double inhibition (BRAF inhibitor and/or
MEK inhibitor) has been unsuccessful in CRC treatment [130]. It was later shown that insensitivity to
the double inhibition was due to a feedback activation of EGFR [145]. Current standard of care for
BRAFV600E-mutated CRC involve the triple inhibition of BRAF, MEK and EGFR [146]. This remains a
major consideration that needs to be integrated through patient-derived models for drug discovery in
CRC. This said, it is fair to assume that the potential treatment or combination of treatment options
have been missed, due to the model selection. The determinants of such paucity are the choice of the
model and lack of integration into the model of tumor heterogeneity.

There are several expectations to be addressed from the clinician point of view regarding a
patient-derived preclinical model in CRC. First, the treatment resulting from this process has to be more
efficient than the current standard-of-care with similar or inferior toxicity. Second, when dealing with
de novo CRC diagnosis or metastatic disease, two weeks is an acceptable turnaround time [147]. From
a clinical point of view, from the diagnosis to the initial treatment, time should be as short as possible.
However, preoperative workup and pre-habilitation are often time-consuming, but remain mandatory.
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Figure 2. Advantages and weakness of CRC patient-derived models in preclinical studies.

An adequate preoperative staging is important when considering neoadjuvant treatment.
Microscopic tissue assessment of CRC by a pathologist aims at describing the complex composition and
architecture of the tumor. The recent development of computer-aided approaches helped in advances
also in this discipline. A machine learning-based approaches for automated analysis of digitized
microscopic images of CRC samples with the goal to improve prognostic stratification of patients are
already available [148]. For colon cancer, preoperative chemotherapy or even radio-chemotherapy
showed interesting results with less surgical complications, but no impact on disease relapsing [149].
On the other hand, the assessment of the resected surgical specimen is the cornerstone before starting
any adjuvant treatment. The importance to evaluate precisely the tumor, node, metastasis (TNM)
stage is obvious, as it determines whether the patient should receive adjuvant treatment or not. Tissue
availability is thus limited in localized disease, compared to the metastatic setting. A good collaboration
between the pathologist and the researcher, dealing with the presented models, is fundamental, in order
to maintain a high level of quality for the tumor staging. The part devoted for the research should not
alter this quality.

It is important to underline that we are entering a new era of data-driven medicine. This is what
offers the next-generation DNA sequencing (NGS). NGS describes the high-throughput technology that
allows the sequencing of the entire human genome within a single day [150]. NGS-based diagnostic
assays have achieved clinical utility, on one hand, by being a solid platform for direct therapeutic
decision-making [151]. Today, the NGS enables to cluster patients’ tumor cases, based on their genomic
profile, in virtual cohorts, in a way to determine whether the cancer of a specific patient is similar to
that of another patient on the globe who received treatment A or B that saved them, matching genomic
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alterations with curated databases of evidence-based associations. Such platforms are being used in
treatment of glioblastomas, lung, colorectal or gastrointestinal tumors, and can also be applied on
liquid biopsy samples to help better diagnose, treat and monitor cancer in a less invasive manner.

Another important technological tool are the imaging techniques that allow 3D visualization
of the patient-specific tumor phenotype with prognostic pre- and post-treatment relevance. New
non-invasive imaging techniques, apart from structural evaluation, help in assessment of TME and
certain hallmarks of cancer, as elegantly reviewed by García-Figueiras et al. [152].

Last but not least, the CRC in vitro model development might be supported by computer-aided
approaches that facilitate experimental testing per se by guiding the researchers in the choice of tested
conditions. It is extremely important especially in the context of CRC, where combinatory treatment
approaches are mostly applied. Testing all combination options with multiple drugs is not trivial and
requires a high time- and cost-effort. We have used the learning algorithm or statistical methods to
lead experimental testing of multidrug combination candidates [153–156]. The generated data we
modelled, made it possible to generate regression models that, in turn, enabled the elimination of
ineffective and/or antagonistic compounds from the initial drug pool and led to identification of the
most effective synergistic multidrug mixtures [155,156]. This approach brings the possibility of rapid
patient-specific treatment optimization.

4. Conclusions

Despite the absence of an “ideal” preclinical model that would completely recapitulate the
complexity of colorectal cancer with its stages and heterogeneity, as well as genomic signature,
the choice of available models is wide-ranging. A careful decision on which model to employ should
be taken, depending on a specific scientific question prior experimentation. A careful consideration of
the advantages and shortcomings of each model, as presented above, should help in the most optimal
model selection.

It is particularly important to mention that fundamental researchers should readily discuss the
model choice with their clinical partners, i.e., oncologists, surgeons and pathologists, in order to
secure the optimal conditions from tissue resection till its use in selected models. Already available
in vitro models might provide very valuable information on several treatment aspects that can be
further verified in more complex in vivo conditions. Model improvement should involve tumor
phenotyping and genotyping (e.g., consensus molecular subtypes classifications), as well as a better
representation of the TME [157]. Through the combination of multiple imaging along with biological
and clinical information, the computer-aided-based platforms process the data using statistical models
and the result is an accurate prediction of tumor growth and evolution. With the information gathered,
eventual in vitro model can be further optimized through the characterization of a patient-specific
tumor peculiarity.
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