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Abstract

Establishing superior preclinical models is critical for translational cancer research owing to the high failure rates of novel
therapeutics in clinical studies. Even though cell line-derived xenograft models are easy to create, they have numerous
limitations since these models do not represent the distinctive features of each cancer patient adequately. To circumvent the
discrepancies between xenograft models and tumors, patient-derived xenograft (PDX) models have been developed. These
models are established through the engraftment of tissue from a patient’s tumor into an immune-deficient mouse, which
preserves cell—cell interactions and tumor microenvironment. Since PDXs precisely replicate intratumoral heterogeneity, a
range of chemotherapeutic agents can be tested on individual tumors. Colorectal cancer represents a unique case to demon-
strate clinical perspectives revealed by PDX models since they surmount limitations of conventional ex vivo models. Even
though PDX models have been associated with drawbacks with respect to prediction of clinical outcomes, they are currently
the model of choice for preclinical investigations in colorectal cancer. In the current review, we provide an overview of the
methodology and applications of PDX for colorectal cancer and discuss critical issues for the advancement of these models
for preclinical research.
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Introduction

Colorectal cancer (CRC) is among the most common forms
of cancer and is globally ranked fourth as the leading cause
of mortality due to cancer. By 2030, CRC is projected to
cause approximately 2.2 million new cases and 1.1 million
deaths [1]. Treatment modalities mainly involve surgery,
chemotherapy and radiotherapy. On the other hand, these
modalities lack selectivity and may cause many adverse
effects [2]. Hence, researchers are exploring new molecu-
lar-based agents with high potency, efficacy and safety out-
comes. Like with other cancer types, detecting CRC cancer
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in early stages leads to better prognosis [3, 4]. There is a
medical need that requires extensive exploration for more
efficient therapeutic modalities, and emphasizes on the
importance of preclinical CRC models. Cancer cell lines
are commonly used for in vitro screening studies of new
anticancer agents [5]; however, these cell lines do not imitate
the complex tumor heterogeneity observed in clinical results
and are not very effective at predicting clinical outcomes for
specific cancers [6]. The cell lines undergo genetic, epige-
netic and transcriptomic alterations ensuing from their adap-
tations to grow in artificial cultures [7]. These drawbacks
limit the translation of the in vitro outcomes to the clinical
response of the tumor in patients. On the other hand, in vivo
murine models can be employed to investigate mechanisms
of metastasis and to develop new therapeutic strategies [8].

In the last few years, it has become increasingly apparent
that each patient’s cancer is unique, and thus, may have vary-
ing responses to conventional treatments like chemotherapy
and radiation. At present, our cancer healthcare system is
experiencing a shift from the traditional “one-size-fits-all”
model to personalized medicine or precision medicine [9].
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Personalized medicine aids the development of customized
treatments for each cancer subtype, based on the patient
genetic and omics data (transcriptomics, metabolomics,
proteomics, etc.) [10]. This helps healthcare providers to
discover more effective strategies for prevention, screening
and treatment based on accurate estimations of individual’s
risks. Personalized treatments may cause fewer adverse
effects than conventional methods. Nevertheless, it has to
be recognized that different omics approaches are still under-
developed: After genomics, metabolomics and microbiome
profiling are the closest to enter clinical practice [11].

Patient-derived xenograft models of CRC
with high histological and heterogeneous
fidelity

Patient-derived xenografts (PDXs) are models derived from
the primary tumor of a patient with either primary or meta-
static disease. The tissues are removed through resection sur-
gery and implanted into an immune-deficient mouse via sub-
cutaneous or orthotopic implantation (Table 1) [12]. Models
that can overcome the limitations of cell lines and introduce
an accurate prediction of the bioactivity of the tumor pro-
gression, and their response to some treatments will enable
more accurate development of future therapies [13]. Several
reports have confirmed high levels of concordance between
the manifestation of primary tumor and its genetic varia-
tions across diverse genetic and stromal composition against
the PDX models [14—-17]. These include similarity in the
molecular characterization of the CRC tabulating the key

frequencies and genetic mutations modeled by PDX [18].
Additionally, PDX models which are created close to the
time of procurement are ideal due to minimal changes to
the cell lines.

Engrafting intact tumor fragments is more commonly
used for PDX models of CRC, mainly because of the conser-
vation of the stromal architectures of the tumor. In specific
cases, Matrigel matrix (a gelatinous mixture consisting of
collagen, laminin, proteoglycans and entactin, mimicking
the extra-cellular matrix) is used in order to provide more
support to tumor fragments during the implantation [19].
Furthermore, many Matrigel matrixes contain growth factors
to enhance the proliferation and differentiation of the tissues
[20]. It has been demonstrated that, when PDX models are
created using isolated primary cells, tumor heterogeneity is
enhanced compared to established cell lines. Even though
strain variations do not interfere with the engraftment effi-
ciency, they may affect the rate of tumor growth, especially
in the case of the solid tumors [21].

Typically, direct implantation of the tumor fragments
conserves the 3D structures and preserves the vital cell—cell
interactions. Determining the most appropriate method
for PDX (direct implantations or cell suspensions) mainly
depends on the aim of the research project [3]. Even though
direct implantation of the tumor specimens preserves the
biopsy architecture, the overall tumor structure may vary,
particularly when some specimens are surgically resected
after the treatment. On the other hand, the tumor dissocia-
tion introduces a proportionate implementation method that
emphasizes on transferring an appropriate amount of viable
tissues. Furthermore, the various parts of the tumor of the

Table 1 Summary of advances and limitations of immune-deficient mouse strains for patient-derived xenografts

Mouse strain Deficiency

Median survival Advantage

Disadvantage

Nude No functional T cell

Severely compromised
immune deficient

Nonobese diabetic—severely ~ No functional T and B cell
compromised immune

deficient

No functional T, B and
natural killer cell

Nonobese diabetic—severely
compromised immune-
deficient mice with
Interleukin2ry—null.

Not determined  Well characterized

No functional T and B cell Not determined

>89 weeks

Functional B and natural killer
cell

High take-rate of human tumor T cell functionality increases
with age
Not suitable for primary cell
transplantation

Better engraftment of allo- Functional natural killer cells
genic and xenogenic tumor
cells and tissues than in nude

strain

Spontaneous lymphomas

Very low leakiness with age Radiosensitive

Lymphoma-resistant excellent Not well characterized
engraftment of allogenic and
xenogenic tumor cells and

tissue

Suitable for analysis for human
cancer stem cells metastasis
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same patient may differ in the genetic features, which will
interfere with the disease course. So, the use of the isolated
cells can solve this situation, in which the loss of tissue
architecture will largely interfere with the drugs research
studies [3].

Many papers have also demonstrated that the engraft-
ment efficiency may be linked to the severity of the primary
disease, as the cases with advanced disease show superior
engraftment rates [20]. As far as the implantation sites are
concerned, PDX models of CRC have been both heterotopic
and orthotopic; however, the most common site has been
the heterotopic subcutaneous flank due to ease of access.
Although more difficult, orthotopic engraftment studies
allow the analysis of the metastatic lesions [22]. Mainly,
the transplantation near the colon will result in growth in the
primary site and the metastatic sites, namely to the lungs,
lymph nodes and liver [23-25]. Successful engraftments of
orthotopic models require a high level of technical modali-
ties, as the tumor tissues should be carefully implanted to
the outer wall of the colon [20]. After the resection of the
xenografts, specimens are mainly frozen in liquid nitrogen
and will be stored in order to be used later, or it may be
chemically fixed in formalin for further histological tests.
The next essential step during establishment of PDX mod-
els is to confirm the presence of clinical CRC hallmarks.
Mostly, this is achieved by histopathological testing, in addi-
tion to mutational analysis in order to compare the patient’s
biopsies to the xenograft tumors.

Clinical applications: CRC classification
for targeted treatment via PDX

The importance of the PDX models lies in their accurate
representativeness of the disease phases and progression
mechanisms of tumors. Most of the published papers have
focused on the importance of molecular and genetic markers
in the assessment of the cytotoxic therapies [26]. So, explo-
ration of treatment modalities needs the total uncovering of
the profiles of these genetic mutations. Creating individual-
specific PDX models for the clinical decision making for
these patients is not practical due to the prolonged engraft-
ment times, but it is feasible to compare the clinical out-
comes with these individualized models in order to assess
each patient’s treatment strategy. Moreover, these models
could then be treated with newer therapeutic agents, thereby
allowing researchers to test novel treatment modalities.
CRC can manifest itself in quite a heterogeneous manner,
depending on proteome, clonal, genetic and other factors
[27]. Targeted treatment of the disease can be performed
if different variations and their response to treatments are
characterized. Since a study can be carried out much faster
and more easily with PDX models, several variations based

on histopathology, proteome, immuno response and micro-
biome have been reported [28, 29].

Recently, five CRC intrinsic subtypes (CRIS) have
been reported, namely: (1) CRIS-A: mucinous, glycolytic,
enriched for MSI or KRAS mutations; (2) CRIS-B: trans-
forming growth factor p (TGF-p) pathway activity, epithe-
lial-mesenchymal transition (EMT), (3) CRIS-C: elevated
EGFR signaling, sensitivity to EGFR inhibitors; (4) CRIS-
D: WNT activation, IGF2 gene overexpression and ampli-
fication; and (5) CRIS-E: Paneth cell-like phenotype, TP53
mutations. These specifically focused on the genetic expres-
sion of the cancer cells using human-specific assays and fil-
tering the stromal variations using murine components in
the PDX model [30].

Recent advances in the molecular targets
and methodologies for patient-derived
xenograft models

PDX models are useful in the therapeutic assessment
of tumors with high molecular aggression and variation
between patients. Essentially, they need to accommodate
the tumor heterogeneity that is observed in different cancer
patients. Preferably, PDX models should also be comple-
mentary in nature to preclinical models, especially for the
assessment of therapeutic efficiency [31]. High concordance
found in results of PDX models and clinical responses in
CRC has allowed the usage of these models to study newer
therapeutic targets [15, 32].

Moreover, an evaluation method used the primary tumor
cells that were xenografted in nude mice subcutaneously
(patient-derived spheroid xenografts) while also preparing
PDX from the same tumors. This approach compared the
dosing and outcome on tumor elimination [33]. It was shown
that the method that used patient-derived spheroid xeno-
grafts was more accurate in predicting tumor growth with
less variability with the conventional PDX method, also in
drug dosing tests, while the former had also stronger statisti-
cal power [34].

Another in vivo PDX study with tumor tissue on chorio-
allontoic membrane showed that there was a resemblance
to the patient tumor with increased vascularity following
engraftment with micrometastasis in the chick mesenchyme.
This approach allows RNA- and DNA-based sequencing of
patient tumors, with efficient (5-10 days) testing of multi-
ple therapies on the same tumor and can thus be described
as an efficient precision medicine platform. However, it is
to be noted that understanding of its stromal environment
and interaction with the avian immune system needs further
exploration [31].

HER?2 expression in colon cancer was studied using a
PDX mouse model created by grafting of tumor in nonobese
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diabetic (NOD)/Prkdcscid/IL-2Rynull (NPG) mice. In this
preclinical development, HER2-specific chimeric antigen
receptor T cells were shown to result in regression and even
elimination of the CRC xenograft with an apparent survival
advantage observed in the mice when compared to the mice
transplanted with green fluorescent protein T cells. This
established that the chimeric antigen receptor T cell treat-
ment may be a promising therapy for solid tumor clearance
and that the PDX model is an effective tool to study the
effects of chimeric antigen receptor T cells [35].

A recent analysis demonstrated that one of the most
apparent CRC molecular subtypes is the epithelial subtype,
which is shown to be overall ineffective in establishing PDX
models. The study also concluded that tumor cell prolif-
eration was linked to the successful establishment of PDX
models and could distinguish between the patients with poor
clinical outcomes within consensus molecular subtype 2
(CMS2) group, which is strongly underrepresented. Notably,
there was a good relation between proliferation and recur-
rence rate specifically in the CMS2 group, and there is an
assumption that it may not be a homogeneous subtype [36].
Genetic alterations of three primary CRCs and xenograft
tissues in PDX showed that there was a preservation of key
mutations detected in the primary tumor site, with 14 out of
17 somatic mutations identified [37].

PDX: challenges and alternative approaches

PDX models, although valuable tools, have several limita-
tions including being very resource intensive. Models used
in immune-deficient mice occasionally create an environ-
ment unsuitable to adequately test immunotherapies. Nota-
bly, drug performance in the xenografts derived from cancer
cell lines is not always directly related to the predictive clini-
cal efficacy. Moreover, human microvasculature and stroma
are eventually replaced by the murine counterparts, which
may cause difficulties when observing treatments that target
microvasculature or stroma. This reveals a requirement for
creating a humanized PDX model, whereby native murine
immune system is ablated and replaced by human hemat-
opoietic stem cells or tumor-infiltrating lymphocytes into
immunodeficient mice. This newer model has the potential
to overcome the issues seen in immunodeficiency in spite
of the species-specific differences in the immunoresponse
and can also be used to comprehensively study the interac-
tion of immune system with the microbiome. This becomes
especially relevant in the case of CRC where the human gut
microbiome activity is known to accelerate cancer growth
[29].

Another emerging methodology to enable personalized
therapies is the autologous cell transplantation (ACT),
which involves sequential introduction of tumor cells and
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tumor-infiltrating T cells from the same patient to the
mouse model [38]. Jespersen and colleagues reported that
PDX models from patients who clinically responded to
ACT showed positive reduction in tumor, while in patients
who did not show any response, the models were inef-
fective, showing high correlation between the model and
clinical response and opening up possibilities for combina-
tion therapy [39].

A co-clinical trial referred to as “Avatar” model has
been considered to create personalized medicine regi-
men [40, 41]. It consists of creating a PDX model from
a patient and administering it with the same treatment
as offered to the patient. Kopetz et al. studied the Avatar
model on patients with metastatic BRAF-mutated CRC
and were administered vemurafenib, an oral BRAF inhibi-
tor. By observation of the PDX model, they identified that
the apparent cause of acquired resistance was co-occur-
ring KRAS and NRAS mutations at low allele frequency
in a subset of the patient tumors (median 0.21% allele
frequency), stressing the viability of the Avatar model
to create a better and personalized therapeutic regimen
[42]. Since drug response can be widely heterogeneous,
to overcome the limited number of PDX models possible
and achieve high throughput, one possible methodology
is to use “one animal per model per treatment” preclinical
trial setting as reported by Gao et al. [43], in which 1075
models were evaluated relating to a large number of com-
mon solid cancers.

Although very insightful, the PDX-patient co-clinical
trial is extremely resource intensive in terms of time, labor
and capital. A possible solution lies in creating a model
from 3D-cultured multicellular aggregates, grown from
the stem cells or isolated organ progenitors of the patient
and referred to as patient-derived organoids (PDOs) [44].
PDOs cultured from stem cells retain the characteristics
of their parent stroma and have their organizational func-
tionality [45]. PDOs from 71 patients with CRC or gas-
troesophageal cancers had the molecular signature of the
tumor organoids related to drug screening results as there
was 88% accuracy of predicting positive drug response
and 100% accuracy for predicting whether they would
not respond to anticancer drugs [46]. Another study also
confirmed the phenotypic and genotypic matching of
the PDOs in CRC and gastroesophageal cancer patients
(recruited in phase %2 clinical trials), and the result was
matched with the drug screening results [47].

In the future, to study the clinical efficacy of novel
drugs and different therapies, ideal models should pos-
sess the cost and scalability of cancer cell lines while
providing the predictive capability of PDXs. 2D and 3D
organoids appear to be a possible solution going forward
in this direction.
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Conclusion

The advanced stages of CRC tumors are very aggressive
and represent a notable clinical challenge, in which the low
5-year survival rate for metastatic CRC indicates the essen-
tial need for discovering new therapeutic trials and preclini-
cal models. The PDX models of CRC introduce clinically
valuable properties and are essential for more individualized
strategies of therapy. In addition, the genetic profile of each
cancer of each individual should be treated using a personal-
ized strategy. Moreover, the therapeutic strategies have been
transitioned from the cytotoxic drugs to more precise and
accurate modalities which include the targeted therapies.
PDX models of CRC have introduced a promising approach
in the development of oncologic drugs. These models pre-
sent certain limitations, including the use of animals, lim-
ited engraftment efficiency and high costs. In this context,
patient-derived organoids might be way forward to overcome
these limitations.
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