Yoshida Journal of Hematology & Oncology
https://doi.org/10.1186/513045-019-0829-z

(2020) 13:4

Journal of
Hematology & Oncology

REVIEW Open Access

Applications of patient-derived tumor
xenograft models and tumor organoids

Go J. Yoshida'?

Check for
updates

Abstract

ovary.

Patient-derived tumor xenografts (PDXs), in which tumor fragments surgically dissected from cancer patients are
directly transplanted into immunodeficient mice, have emerged as a useful model for translational research aimed
at facilitating precision medicine. PDX susceptibility to anti-cancer drugs is closely correlated with clinical data in
patients, from whom PDX models have been derived. Accumulating evidence suggests that PDX models are highly
effective in predicting the efficacy of both conventional and novel anti-cancer therapeutics. This also allows “co-
clinical trials,” in which pre-clinical investigations in vivo and clinical trials could be performed in parallel or
sequentially to assess drug efficacy in patients and PDXs. However, tumor heterogeneity present in PDX models
and in the original tumor samples constitutes an obstacle for application of PDX models. Moreover, human stromal
cells originally present in tumors dissected from patients are gradually replaced by host stromal cells as the
xenograft grows. This replacement by murine stroma could preclude analysis of human tumor-stroma interactions,
as some mouse stromal cytokines might not affect human carcinoma cells in PDX models. The present review
highlights the biological and clinical significance of PDX models and three-dimensional patient-derived tumor
organoid cultures of several kinds of solid tumors, such as those of the colon, pancreas, brain, breast, lung, skin, and
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Background

Since the first investigations to develop drugs using ani-
mal models of leukemia were reported in 1950 [1], many
types of murine models transplanted with human tu-
mors have been developed to predict responses to
chemotherapy. Many human tumor models were gener-
ated in immunodeficient mice by subcutaneous or
orthotopic injection of tumor cell lines that had been
propagated in culture for several months to several de-
cades. Although this model served as a gold standard,
primarily because of ease of manipulation, tumor cell
lines frequently acquired unanticipated phenotypes dur-
ing adaptation to in vitro culture conditions that often
differed between laboratories, resulting in minimal re-
semblance to the parental tumors. For example, immor-
talized cells cultured long-term in vitro exhibit changes
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in tumor hallmarks caused by genetic and epigenetic al-
terations. Thus, substantial limitations have precluded
the application of conventional xenograft models for
drug screening and estimating the pre-clinical efficacy of
drugs [2].

To develop a model more likely to mimic human tu-
mors, patient-derived tumor xenografts (PDXs) have
been established as a useful tool for translational re-
search [3-6]. Implantation of small pieces of tumors sur-
gically dissected from cancer patients into highly
immunodeficient mice allows tumor growth and subse-
quent transplantation into secondary recipient mice.
PDXs often maintain the cellular and histopathological
structures of the original tumors (Table 1) [7-9]. Fur-
thermore, cytogenetic analysis of tumor cells from PDXs
has revealed significant preservation of the genomic and
gene expression profiles between PDXs and parental pa-
tient tumors [10-14]. Notably, sensitivity to standard
chemotherapeutics in PDXs closely correlates with clin-
ical data in patients from which the PDXs are derived
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Table 1 Comparison between PDX models and organoids

PDX Organoids
Genetic/epigenetic alterations Similar Similar
Pathohistological characteristics Similar Similar
Response to anti-cancer drugs Similar Similar
Use of immunodeficient animals Yes No
Reliability as pre-clinical models Yes Yes
Quantity of cells for establishment Large Small

[12, 13, 15-18]. All of these characteristics demonstrate
that PDXs are more useful as predictive experimental
models of therapeutic responses.

Tumor organoids are generated by three-dimensional
culture of primary cancer cells and have a high success
rate [19-25]. Organoid cultures closely recapitulate the
morphological and genetic/epigenetic features of the
parent tumors (Table 1) [20, 21, 25, 26]. Accumulating
evidence reveals that primary cancer cells subjected to
three-dimensional culture give rise to many different
types of primary organoids, in which the heterogeneous
composition of the original tumors is largely conserved
[22, 27, 28]. This culture method provides promising op-
portunities to establish large biobanks with relevant clin-
ical materials that can be used to perform drug
screening and facilitate chemical discovery [24, 29].
Tumor organoids are superior to conventional models,
as organoids constitute a minute incarnation of an
in vivo organ, and thus can better recapitulate the char-
acteristics of the parental tumor, even after many pas-
sages. Organoids have enormous potential for the
identification of optimal treatment strategies in individ-
ual patients [28].

PDX models maintain in vivo structure

A major advantage of PDX models in cancer research is
the retention of the original tumor architecture. Al-
though cancer cell lines are frequently transplanted into
immunocompromised mice as a reproducible method to
establish tumor tissues in vivo, the resultant tumors do
not fully exhibit the distinct histopathological character-
istics observed in clinical settings. One important con-
sideration in this regard is that cells within tissues are
surrounded by an extracellular matrix (ECM), a mesh-
work of proteins and proteoglycans consisting of lam-
inin, collagen, and fibronectin, which regulates the
integrity of epithelial structure formations. The ECM
provides structural support, stability, flexibility, and
shape to the tissue, and also mediates cell polarity, intra-
cellular signaling, and cell migration [30, 31]. Intracellu-
larly, ECM-induced signaling pathways are transmitted
mainly through integrin molecules, which are heterodi-
meric transmembrane receptors that mediate cell adhe-
sion to the ECM. Integrins act as bridges between the
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ECM and the internal cytoskeleton by transducing key
intracellular signals through association with clusters of
kinases and adaptor proteins in focal adhesion com-
plexes [32]. These interactions are distinctly mediated by
specific integrin heterodimer binding to individual ECM
components [33]. The signals are transmitted via the
cytoskeleton to nuclear transcription factors and ultim-
ately change the gene expression profile [34]. As such,
highly specific and localized signaling cascades can be
activated by the ECM in association with various avail-
able growth factors through sequences of reactions in-
volving networks of proteases and sulfatases [35, 36].

The tumor microenvironment comprises the ECM and
stromal cells, including endothelial cells, pericytes,
carcinoma-associated fibroblasts (CAFs), immune cells,
and proinflammatory cells [37, 38]. One of the most
prominent cell types in the tumor stroma is CAFs, which
are activated fibroblasts. CAFs often exhibit an «o-
smooth muscle actin (a-SMA)-positive myofibroblastic
phenotype, which is typical of fibroses and wound heal-
ing, and is a pro-inflammatory phenotype [36, 39].
Tumor-promoting CAFs influence tumor hallmarks to
promote cancer growth, progression, and metastatic
spread as well as remodeling of the ECM [36, 39, 40].
CAFs contribute to ECM remodeling by secreting TGEF-
B1, which is synthesized as an inactive multidomain
complex, and is activated through multiple extracellular
mechanisms that require integrins, proteases, and
thrombospondin-1 [41, 42]. TGF-B1 has a potential role
in the regulation of ECM remodeling during cancer pro-
gression. Exposing CAFs to TGF-§ promotes anisotropic
fiber organization and increased matrix stiffness through
increased a-SMA expression and RhoA activation [43].
These changes in cellular contractility result in the CAF-
mediated changes in the ECM architecture.

Tumors in the PDX model have similar pathohistologi-
cal and genetic characteristics to the parent tumor, and
exhibit similar susceptibility to anti-cancer therapies [7,
10, 11, 15, 16]. Therefore, PDX models based on grafting
cancer tissue subcutaneously, orthotopically, or under kid-
ney capsules in immunodeficient mice provide relevant
pre-clinical cancer models. The mouse strains widely used
for tumor formation and propagation are classified into (i)
nude mice, which lack a thymus and are unable to pro-
duce T cells; (ii) non-obese diabetic severe combined im-
munodeficiency (NOD-SCID) and SCID-beige mice,
which lack T and B cells; and (iii) NOD-SCID IL2R-y null
(NSG or NOG) mice, in which T, B, and NK cell activity
is completely absent. Due to differential immunological
impairments in these models, it is expected that more per-
missive mouse strains such as NOD-SCID, SCID, and
NSG, will increase the efficiency of xenotransplantation
over that of nude mice. In fact, a very low engraftment
success rate (10-25%) was reported after transplanting
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tumor fragments of different pathohistological types into
nude mice, whereas transplantation into NOD-SCID mice
resulted in a higher engraftment rate (25-40%) for breast
cancer, non-small cell lung cancer and malignant melan-
oma [44]. An extremely novel study evaluated the use of
zebrafish for PDX, and reported that transparent zebrafish
larvae allow for visualization of single tumor cells and
their response to treatment, thereby providing a rapid
screening platform [17].

However, it is important to note that human stromal
cells are gradually replaced by murine counterparts after
transplantation into immunodeficient mice, which sug-
gests that implanted human cancer cells retain the poten-
tial to recruit murine stromal cells to their niche.
Importantly, there are some differences between ligands
secreted by human and murine fibroblasts. Human-
derived interleukin (IL)-2 stimulates efficiently the prolif-
eration of murine T cells, whereas mouse IL-2 stimulates
human T cells with significantly lower efficiency [45, 46].
Furthermore, the T cell stimulating potential of IL-4 ap-
pears to be species-specific [45]. On the other hand, IL-15
binds to human or mouse IL-15 receptor a with equally
high affinity [47], suggesting that human-derived IL-15
can function on murine cells. However, human NK cells
are weakly sensitive to murine IL-15 [48]. In order to re-
solve the issues related to species specificity, co-
implantation of human CAFs and tumor cell suspensions
extracted from PDXs into secondary recipient mice could
provide an optimal setting for evaluating human tumor
cell-stroma cell interactions.

Patient-derived tumor cell organoid culture mimic
parental tumors

From a histopathological perspective, PDX models
largely retain parent tumor architecture, as described
above. Further, at the cellular level, both inter-tumoral
and intra-tumoral heterogeneity, as well as the pheno-
typic and molecular characteristics of the original cancer
are also preserved in PDX models [12, 49, 50]. From this
perspective, human cancer tissues or tumor cells derived
from PDX models that mimic the biological and molecu-
lar characteristics of the original cancer can be employed
to provide clinically relevant donor cells for in vitro
modeling. Tumor tissues from PDX models can be used
to generate three-dimensional tissue explants in vitro or
primary cell cultures on a petri dish. Use of PDXs has
the advantage that the original tissue can be serially
propagated in vivo, making additional materials available
for repeated experiments and alleviating the limitations
inherent to collecting multiple patient samples. To more
fully represent the range of biological and molecular
characteristics of clinical samples, a panel of established
xenograft lines covering multiple cancer tissues of origin
and subtypes is required for selection of the most
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appropriate model to address particular experimental
questions.

Furthermore, mounting evidence suggests that orga-
noids are three-dimensional constructs comprised of
multiple cell types that originate from pluripotent stem
cells by means of self-organization, and are capable of
simulating the architecture and functionality of native
tissues and organs [25, 51]. Organoids permit both
in vitro and in vivo investigations, and represent one of
the latest innovations in development of models to re-
capitulate the physiologic processes of whole organisms.
Organoids have been successfully generated from pri-
mary tumors of the breast, colon, pancreas, and prostate
[23, 25]. These tumor-derived organoids have emerged
as pre-clinical models that have the potential to predict
personalized response to treatment. For example, a living
biobank of tumor organoids from patients with meta-
static gastrointestinal cancer was demonstrated to recap-
itulate the therapeutic responses of these patients to
anti-cancer agents in clinical trials [29].

Use of PDX models for precision medicine

Mounting evidence demonstrates that PDX models have
the potential to predict effectively the efficacy of both
conventional and novel anti-cancer therapeutics, sug-
gesting that these models could be employed in “co-clin-
ical trials” [52]. Thus, investigations in vivo and in
clinical trials could be performed in parallel in order to
identify therapeutic target molecules, even in rare types
of cancer. Particularly, the concept of “co-clinical trials”
incorporates patient selection strategies based on mo-
lecular abnormalities or the identification of the machin-
eries of resistance to anti-cancer agents, for the
development of precision medicine aimed at personaliz-
ing anti-cancer treatment. In this context, PDX models
can be also used as an “avatar model [53],” in which
PDX models obtained from cancer patients enrolled in a
clinical trial can be treated with the same therapy ad-
ministered to the patient, thereby permitting identifica-
tion of novel biomarkers of sensitivity or resistance to
the anti-cancer treatment(s) of interest (Fig. 1).

Colorectal adenocarcinoma

Acquired resistance of tumors to chemotherapeutics is a
major reason for treatment failure [54, 55], and the intro-
duction of novel drugs or combinational therapy permits
selection of effective therapeutic strategies for second-line
treatment. Based on this concept, Misale et al. treated ad-
vanced colorectal adenocarcinoma (CRC) patients with
anti-EGFR antibodies as single agents after the initial re-
sponse to EGFR inhibitors resulted in disease relapse due
to emerging resistance [12]. Thus, Misale et al. investi-
gated how acquisition of resistance to EGEFR-targeted
therapies can be reduced in CRC tumor cells using the



Yoshida Journal of Hematology & Oncology (2020) 13:4

Page 4 of 16

Parental tumors in patients

stepl |
) A \ B C step2

Optimal outcome

/ PDX models treated with conventional drugm

o
";3.,.:-!"-“—/‘_@{:‘“ *+ @ ? =
b w & I.
/;'qr‘ "'-*—‘:___\‘ + @ g 218
z 1z
(2:—“*-;59 + & =k

Fig. 1 Identification of optimal therapeutics using PDX mouse clinical trials. PDX models are potentially useful when the optimal course of
treatment cannot be readily determined for individual patients. For instance, in the illustration, there are three patients (A-C) with gastric cancer,
who hope to receive treatment with the novel therapy drug X if its therapeutic efficacy is proven. In this case, it would be time-consuming and
require significant clinical risk to compare the therapeutic response to conventional drugs and the new drug X without “co-clinical trials.” While
xenografts derived from patient A respond to drug X, xenografts derived from patient C respond to conventional treatments, but not drug X
(step 1). Contrastingly, patient B-derived xenografts partially respond to both therapeutics. This pre-clinical screening by an avatar model is
helpful to determine which treatment would have the optimal outcome in each patient (step 2)

increased decreased

PDX model. In vitro genetic screening and functional in-
vestigations identified that dual blockade of EGFR and
MEK prevents acquired resistance, and Misale et al. per-
formed experiments in vivo using PDXs derived from a
CRC patient carrying a quadruple wild-type gene profile
(BRAF, KRAS, NRAS, and PIK3CA), which recapitulates
the expression profile of patients sensitive to anti-EGFR
antibodies. While treatment of PDX models with the
MEK inhibitor pimasertib alone only slightly reduced
tumor growth, treatment with the EGFR inhibitor cetuxi-
mab effectively reduced cancer proliferation by more than
70% [12]. Notably, the subsequent regrowth of these tu-
mors suggested resistance to drug re-challenge, which is
similar to clinical findings. By contrast, combination treat-
ment with cetuximab and pimasertib induced a complete
response, in which tumor tissues remained undetectable
for more than 6 months. These findings suggested that
combination treatment is highly likely to inhibit develop-
ment of resistant tumors with intra-tumoral heterogeneity,
and highlighted the utility of PDX models in establishing
highly effective treatment regimens.

Okazawa et al. established green fluorescent protein
(GFP)-labelled CRC PDX-derived organoids to detect

spontaneous micrometastatic lesions [56]. Micrometastases,
which are cancer cell depositions smaller than 2 mm, have
often been overlooked in the pathohistological analysis of
sections from affected distant organs in experimental mur-
ine models, because they may not be detected with this ap-
proach. Therefore, Okazawa et al. developed a protocol to
efficiently transduce GFP lentivirus into PDX-derived CRC
organoids in three-dimensional culture prior to transplant-
ation, enabling highly sensitive detection of micrometas-
tases in distant organs such as the liver and lungs (Fig. 2).
Using this technology, Okazawa et al. employed a PDX
model to demonstrate that lung micrometastases could be
detected in the majority of engrafted mice 3 months after
transplantation. Moreover, liver metastases were detected
within 1 month after injection of organoids into the spleen.
Further, the injection of CRC organoids into the rectal sub-
mucosa of immunocompromised mice resulted in meta-
static dissemination into the lungs, but not into the liver,
likely through the inferior vena cava.

Pancreatic cancer
Although the progression of pancreatic ductal adenocar-
cinoma (PDAC) is driven by constitutive activation of



Yoshida Journal of Hematology & Oncology (2020) 13:4 Page 5 of 16

[ colorectal ]

adenocarcinoma - [ PDX model in NOG mice]

GFP-labelled micrometastases
organoids - in lungs

Fig. 2 High-sensitivity detection of distant micrometastases of PDX-derived organoids by GFP transduction. After a primary colorectal
adenocarcinoma (CRC) diagnosed as a moderately differentiated type was surgically resected, CRC cells were subcutaneously implanted into NOG
mice to establish a PDX model. PDX tissue was treated with collagenase to obtain tumor cell suspension. CRC organoids were then established
from PDX tissue and expanded in three-dimensional culture using the artificial extracellular matrix after infection with GFP lentivirus. These GFP-

labelled organoids implanted orthotopically revealed distant micrometastases in the lungs within 3 months [56]
A

RAS/RAF/MEK/ERK signaling, MEK1/2 inhibition with  putative GBM driver oncogenes such as EGFR, MET, and
trametinib is not clinically effective in PDAC patients. A PDGFRA. Remarkably, all four IDH1 mutant PDX lines
recent study revealed that trametinib-induced autophagy  also exhibited high expression levels of SOX2. High SOX2
flux increases the survival of PDAC cells subjected to  expression was present in GBM PDX that were driven by
MEK1/2 inhibition [57]. Combination treatment with different oncogenes, suggesting that multiple oncogenic
trametinib and chloroquine increased apoptotic cell signaling pathways are likely to converge to drive expres-
death in a PDX model derived from a distant neck me-  sion of this pluripotency transcription factor. While PDX
tastasis that was refractory to the conventional FOLFOX  tumors maintained the putative oncogenic mutations of
regimen. It is widely accepted that chloroquine obstructs  several receptor tyrosine kinases (RTKs) in the parental
autophagy flux, increasing ubiquitination, p62/SQSTM1  tumors, the significant increase in SOX2-expressing GBM
activation, and LC3-II accumulation [58]. Furthermore, cells may reflect the functional state of the subset of GBM
the growth of orthotopic and/or subcutaneous PDX tu-  cells capable of driving tumor growth in the mouse brain
mors in NOD/SCID mice was synergistically inhibited rather than genetic differences between the original pa-
by combination treatment with trametinib and chloro- tient tumor and PDX model. Singh et al. demonstrated
quine [57]. The efficacy of this modality was also dem- that the transcriptional regulatory network comprised of
onstrated in PDX models using gain-of-functional SOX2, OLIG2, and ZEB1 is independent of upstream
mutated NRAS-driven malignant melanoma and RTKs, and is capable of driving glioma initiating cells.
BRAF(V600E)-driven colorectal cancer. Notably, the Mithramycin is an antibiotic isolated from Streptomyces
therapeutic efficacy of this combination was superior to  plicatus that binds to specific DNA regions to inhibit tran-
that of conventional anti-PDAC drugs such as gemcita-  scription of specific genes. Notably, mithramycin down-
bine. The compensatory activation of protective autoph-  regulated SOX2 and ZEBI1 in sarcoma cells [60], and
agy through the ULK1/AMPK/LKBI1 axis appears to be effectively inhibited growth of a SOX2-positive cell popu-
responsible for susceptibility to trametinib in the pres- lation that propagates medulloblastoma [61]. Administrat-

ence of chloroquine. ing mithramycin in vivo markedly reduced expression of
SOX2, OLIG2, and ZEB1, which coincided with dramatic
Brain tumors reductions in tumor growth [59]. Taken together, these

Singh et al. reported that SOX2 expression is markedly el-  studies employing PDX models strongly suggest the im-
evated in PDX derived from glioblastoma multiforme  portance evaluating the efficacy of combining mithramy-
(GBM) [59]. They established PDX models derived from  cin treatment with chemotherapy and radiation therapy in
20 GBM patients, comprising different subtypes of future investigations.
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Breast carcinoma

PDX models maintain the essential properties of the ori-
ginal patient tumors, including metastatic tropism, sug-
gesting their physiological relevance for study of human
cancer metastasis [4]. In immunodeficient mice, PDXs
spontaneously metastasize many of the same organs af-
fected in the original patient. In addition, mesenchymal
stem cells (MSCs) in the PDX model enhance tumor
growth rates by promoting angiogenesis, decreasing ne-
crosis, and increasing blood volume, which would con-
tribute to the observed increase in tumor growth.
Lawason et al. demonstrated using the PDX model that
progression to high metastatic burden is associated with
increased proliferation and Myc expression, which can
be attenuated by the treatment with cyclin-dependent
kinase (CDK) inhibitors [8]. In this study, the most
metastatic PDX had the highest percentage of cancer
stem-like basal primary tumor cells, while the least
metastatic PDX had the lowest. This suggests that pri-
mary tumors contain a rare subpopulation of stem-like
cells, and that the relative abundance of these cells could
correlate with metastatic potential. Thus, Lawason et al.
used PDX models to propose a hierarchical model for
metastasis, in which metastases are initiated by cancer
stem-like cells, which proliferate and differentiate to pro-
duce advanced metastatic disease.

Lung cancer
Chen et al. recently demonstrated an unexpected plasti-
city and interaction of lung squamous cancer cells
(LSCCs) with the tumor microenvironment [62]. Over-
expression of SOX2 in the TUM622 cell line, which was
established from a PDX model, enhances spheroid-
forming potential and drives a hyperplastic to dysplastic
alteration in acinar phenotype, in which apical-basal cell
polarity is disrupted, and solid non-invasive spheroids
are formed. Remarkably, the presence of CAFs inhibits
SOX2-induced dysplasia and restores an acinar-like
phenotype, but TUM622 cells appear to exhibit
epithelial-mesenchymal transition (EMT) at the invasive
front towards CAFs, thereby forming “teardrop”-shaped
structures [62, 63]. Indeed, CAF-secreted stromal cell-
derived factor-1 (SDF-1) promoted EMT and the acqui-
sition of stemness in LSCCs [64]. Although the majority
of LSCCs were positive for E-cadherin and only a small
population were positive for Vimentin and SOX2, these
factors showed considerable heterogeneity in TUM622-
derived spheroids [62]. Because there were cells positive
for both E-cadherin and Vimentin, it is likely that partial
EMT occurs in spheroids, the PDX model and the ori-
ginal tumor [62, 65].

Single cancer cell migration, also known as mesenchy-
mal migration, is characterized by fibroblast-like morph-
ology, but effective metastasis of cancer cells can occur
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without complete loss of epithelial morphology or
complete acquisition of mesenchymal morphology. Can-
cer cells undergoing mesenchymal migration are
enriched at the invasive front in vivo, consistent with
previous findings that partial EMT is involved in collect-
ive tumor migration [65, 66]. Leader cells expressing
mesenchymal-like or basal epithelial traits are located at
the front of the follower epithelial cancer clusters, and
drive their collective migration in response to microenvi-
ronmental cues. SOX2 appears to induce the commit-
ment and differentiation of TUM622 cells to the
squamous lineage instead of regulating epithelial/mesen-
chymal plasticity [62, 67]. SOX2 preferentially interacts
with the transcription factor p63, as opposed to the tran-
scription factor OCT4 in LSCCs, which is the preferred
SOX2-binding partner in embryonic stem cells [68].
FGFR1 accelerates tumor development without forcing
cells toward a particular tumor subtype. By contrast,
SOX2 appears to be critical in driving cells toward an
aggressive and penetrant LSCCs phenotype [67, 69]. Fur-
thermore, CAF-derived CD81-positive  exosomes
mobilize Wntll produced by breast carcinoma cells,
thereby activating p-catenin-independent Wnt planar
cell polarity (PCP) signaling, which promotes lung me-
tastasis [70]. Chen et al. suggested that the [-catenin-
dependent canonical Wnt signaling pathway and cancer
stem cell marker SOX2 synergistically induce acinar
morphogenesis of TUM622 cells in three-dimensional
culture [62]. Further investigations are warranted to de-
termine how SOX2 overexpression and co-culture with
CAFs affects the [B-catenin-independent PCP pathway
when spheroid cells derived from this PDX model of
lung cancer acquire an invasive phenotype via partial
EMT.

Malignant melanoma

Both intrinsic and acquired therapy resistance remains a
serious challenge for the management of BRAF(V600E)-
mutant malignant melanoma. Many resistant cases ex-
hibit reactivation of MAPK and PI3K signaling in the
presence of MAPK-targeting agents. De novo lipogenesis
is emerging as a central player in multiple oncogenic
processes. Constitutive activation of the lipogenic path-
way in tumor tissue is required for the synthesis of phos-
pholipids, which function as essential building blocks of
membranes and promote cell growth and proliferation.
In vitro, a marked decrease in de novo lipogenesis was
observed in all BRAF(V600E)-mutant therapy-sensitive,
but not therapy-resistant, cell lines in the presence of
the BRAF inhibitor vemurafenib [71]. Remarkably, BRAF
inhibition induced only a moderate decrease in expres-
sion of sterol regulatory element-binding protein-1
(SREBP-1), a master regulator of lipid metabolism, and
did not significantly affect lipogenesis in therapy-
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resistant melanoma cells. To assess the therapeutic po-
tential of these findings, Talebi et al. investigated the im-
pact of SREBP-1 inhibition in an in vivo pre-clinical
BRAF(V600E)-mutant melanoma model. Talebi et al. se-
lected a PDX that responded poorly to BRAF inhibitors
alone [71, 72]. SREBP-1 contributes to the anti-tumor
response induced by BRAF inhibition, and SREBP-1 in-
hibition sensitizes therapy-resistant melanoma cells to
MAPK-targeting therapy. In vivo analysis of oxidative
stress revealed that while fatostatin or vemurafenib treat-
ment alone did not significantly increase lipid peroxida-
tion, combined vemurafenib/fatostatin treatment greatly
enhanced lipid peroxidation [71]. Notably, SREBP-1 in-
hibition enhances the sensitivity to BRAF inhibitors in a
pre-clinical PDX model of melanoma [71].

Ovarian cancer

Choi et al. established PDX models derived from serous
adenocarcinoma and chemoresistant carcinosarcoma to
investigate the therapeutic potential of itraconazole, an
orally bioavailable anti-fungal drug that inhibits the en-
zyme lanosterol 14a-demethylase [73]. Previous reports
identified itraconazole as a potent antagonist of the
Hedgehog (Hh) signal pathway, which is different from
the pathway involved in the inhibitory effect of this drug
on fungal sterol biosynthesis [74]. Systemically adminis-
tered itraconazole suppresses Hh pathway activity and
medulloblastoma growth in a mouse allograft model
similar to other Hh pathway antagonists, and surpris-
ingly, itraconazole inhibits the Hh pathway at serum
levels comparable with those of patients undergoing
anti-fungal therapy [74, 75]. This is a typical example of
drug repurposing, in which the anti-cancer properties of
medications otherwise administered for non-malignant
disorders serve to develop new treatments strategies for
cancer [58]. Mechanistically, itraconazole antagonizes
the Hh pathway component Smoothened (Smo) through
a mechanism distinct from that of cyclopamine and
other known Smo antagonists, and prevents ciliary accu-
mulation of Smo mediated by Hh stimulation. Both the
Hh and mammalian target of rapamycin (mTOR) signal-
ing pathways are associated with angiogenesis in the
tumor microenvironment. In ovarian cancer PDX
models, addition of itraconazole to paclitaxel signifi-
cantly enhanced therapeutic efficacy compared with
paclitaxel monotherapy. Expression of CD31 and
VEGEFR2 (angiogenesis markers), Glil (hedgehog signal-
ing downstream molecule), and S6K1 (mTOR pathway)
were all decreased in tumors treated with paclitaxel and
itraconazole combination therapy [73]. Itraconazole has
synergistic effects when used in combination with
paclitaxel-based chemotherapy, which is one of the most
effective available chemotherapeutics for ovarian cancer.
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Table 2 provides the summary of the latest important
papers using PDX models and organoids.

Future challenges of PDX models

While the incorporation of PDX models in cancer re-
search brings some exciting improvements, PDXs have
important limitations that must be addressed to improve
the availability of PDX models for translational research
and pre-clinical investigations, including “co-clinical tri-
als.” Issues that must be addressed or standardized to fa-
cilitate wide use of PDX models include (a) the site for
implantation of original tumor fragments, (b) time
course for PDX tumor tissue generation, (c) the engraft-
ment rate, (d) replacement of human stroma with mur-
ine stroma, (e) failure to evaluate the immune system,
and (f) the challenging problems of Matrigel.

Optimal implantation site

It is important to define the best engraftment site (sub-
cutaneous, subrenal capsule, or orthotopic implantation)
in each tumor type of interest. Most of the published
studies using PDX models have relied on surgical speci-
mens, which naturally provide large quantities of tumor
tissues. Although much effort has been expended in es-
tablishing PDX models of cholangiocarcinoma and head
and neck squamous cell carcinoma, acquiring a sufficient
volume for transplantation is prohibitive due to the
small size of the original tumor. Thus, suitable methods
with smaller samples obtained by biopsy or fine-needle
aspirations should be established.

Time course of PDX tumor tissue generation

Delay between the engraftment period in mice and opti-
mal treatment schedules for patients is a limiting factor
for the use of PDX models in real-time personalized
medicine applications. Developing a PDX model for pre-
clinical study generally requires 4—8 months with several
tumor passages, which is much longer than patients can
ordinarily wait to commence treatment. The second-
and third-generation PDX passages require only 10 days
to form a palpable xenograft. Due to the time require-
ment to generate PDX models, some groups are using
short-term single-cell suspension and short-term culture
in organoid models to evaluate sensitivity to potential
treatments.

Tumor engraftment rate

The engraftment failure rate is still high for some cancer
types and phenotypes, which is a major obstacle to wide-
spread PDX use. It is thus essential to improve tumor
engraftment rates to an acceptable level, up to 60-70%.
Most importantly, patients with breast and renal cancer
whose tumors successfully engraft have the worst prog-
nosis [4, 5, 103], which strongly suggests a selective
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pressure towards more aggressive phenotypes. It is pos-
sible that as the passages of the PDX model proceed,
proliferative, and highly metastatic clones are selected to
establish the next generation of PDXs.

Replacement of human stroma with murine stroma
Intratumoral heterogeneity can be influenced by tumor-
extrinsic factors in the microenvironment, including
murine host cells. After 3-5 passages, when PDX models
can be used for drug screening, tumor-associated stroma
are almost completely replaced by murine-derived ECM
and fibroblasts. This new murine stroma is likely to
cause drastic changes in paracrine regulation of the
tumor as well as in physical properties such as intersti-
tial fluid pressure, which disturb drug distribution [104].
Importantly, some cytokines are species-specific. As
stated previously, human-derived IL-2 stimulates the
proliferation of murine T cells at similar concentrations,
whereas mouse IL-2 stimulates human T cells at a sig-
nificantly lower efficacy [45]. Furthermore, the T cell
stimulating potential of IL-4 seems to be species specific.
IL-15 binds to human or mouse IL-15 receptor o with
equal high affinity [47]. Surely human-derived IL-15 can
function on murine cells; human NK cells are poorly
sensitive to murine IL-15 [48].

Failure to evaluate the immune system

One key requirement in establishing PDX models is the
need to use immunodeficient host strains for tumor en-
graftment and propagation. These mice lack functional
elements of the immune system, so that foreign tumor
tissues cannot be rejected. For example, NSG mice lack
natural killer cells and both B and T lymphoid cells.
Therefore, the contribution of the host immune system
to responses to conventional chemotherapeutics cannot
be assessed. Currently available PDX models are also un-
able to accurately assess immunotherapies such as vac-
cines and immune modulators, and drugs that activate
the anti-tumor immune system.

Disadvantages of Matrigel

Cellular interactions with the ECM profoundly alter not
only gene expression pattern but also tumor cell behav-
ior [105]. Tight ECM regulation in the tumor micro-
environment is lost during engraftment, and tissue
architecture degrades as PDX model tissue undergoes
passages. Furthermore, Matrigel is frequently used to in-
crease the engraftment rate in PDX models, since the
presence of growth factors in Matrigel can favor engraft-
ment of primary tumor cells. However, it should be rec-
ognized that this is a murine basement membrane
extract [106], and Matrigel from murine sources can be
a source of infectious murine viruses. In fact, treatment
of primary cancer cells with lactate dehydrogenase-
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elevating virus-contaminated Matrigel in early studies
may account for the reported instances of contamin-
ation, and for this reason, some groups produced their
own Matrigel in order to avoid potential viral contamin-
ation [107].

Conclusions

PDX models mimic not only the pathohistological and
genetic/epigenetic features of original tumor tissues but
also therapeutic responses to anti-cancer treatments.
Therefore, PDX models have the potential to predict in-
dividual responses to drugs and treatments, thereby fa-
cilitating personalized medicine. Furthermore, many of
the mechanisms underlying acquired drug resistance in
many tumor types have been elucidated using PDX
models. Although the tumor stroma, including CAFs, is
replaced by mouse stroma during xenograft passages,
the heterogeneity of the tumor microenvironment and
the metastatic potential of the tumor cells are main-
tained in both subcutaneous and orthotopic PDX
models. Notably, biofluorescence imaging of PDX
models derived from organoids is a highly sensitive
method for detecting micrometastatic lesions. Further
investigations are necessary to develop strategies to
evaluate the effects of immune-checkpoint inhibitors,
because PDX models can only be established in im-
munocompromised mouse strains.
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