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Abstract: Pancreatic cancer (PC) remains a highly lethal cancer, which still requires profound clinical
and preclinical research. The predictive power of patient-derived xenograft (PDX) model determines
that it will become an important tool for preclinical and clinical research. PDX is not only widely used in
preclinical studies of PC drugs, but also can be used to predict the result of human clinical trials. The PDX
model and the corresponding patients’ co-clinical trial can quickly obtain the drug response, optimize the
combination, explore drug resistance mechanisms, and screen for biomarkers. Meanwhile, PDX can be used
for personalized medicine as patient’s avatar model. With the development of novel PDX models: patient-
derived orthotopic xenografts (PDOX) model, humanized PDX model and CTC-derived PDX model,

cooperation of various research teams is needed to build PDX encyclopedia of PC.
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Introduction

The incidence and mortality of pancreatic cancers (PCs)
increased rapidly in worldwide. According to the report
in CA, mortality of PC ranks sixth among all malignant
tumors in China and mortality due to PC is projected to be
second only to Lung cancer by 2030 in the United States
(1,2). Although the treatments for PC have made great
progress, the 5-year survival rate is still only 5-10% (3).
However, most new therapies fail to show significant
efficacy in clinical trials due to the high heterogeneity of
PC (4-7). Recently, projects such as the Cancer Genome
Atlas have highlighted this heterogeneity across tumors
previously believed to be of the same subtype (8-10).
However, the pre-clinical model based on cancer cell-line
cannot represent this heterogeneity. The NCI-60 cancer
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cell line panels commonly used in basic and pre-clinical
research are cultured on the plastic surfaces over many
passages and often bear little resemblance to the tumors
from which they originated. Cell line-derived xenograft
(CDX) models lack the complex component of the human
tumor microenvironment and intra-tumoral heterogeneity.
"To overcome this limitation, xenografts from patient tumor
tissues which are known as patient-derived xenografts
(PDXs), are better models to preserve the characteristic of
the original tumor and provide better tools for translational
research and clinical research (11).

PDX is not new. It is first reported in nude mice in
1969, and studies conducted in the 1980s have already
observed a similar drug sensitive correlation between
PDXs and their donor (11,12). Over the past decade, a
number of institutions have established PDX models of
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PC that collectively represent different subtypes of PC.
It is hoped that the advantages of PDXs will promote
drug development efficiency and help select drugs based
on individual molecular characteristics, paving the way
towards precision medicine (13). This review will focus
on the application of current PDX models in clinical and
preclinical research and how the utility of PDX can be
improved in the future.

Generation of PDX

PDX models are generated by implanting fresh patient tumor
fragments directly into immunodeficient mice. The process of
generating PDX models is extensively described in previous
reviews by multiple groups (12-16). Although individual
groups have developed specific methodologic approaches,
the fundamentals are common. The entire approach is very
straightforward. Briefly, pieces of primary or metastatic PC
tissue maintained as tissue structures are collected by surgery
or biopsy procedures. Ascitic fluid and circulating tumor
cells (CTCs) can also be used for implantation (17-20). After
division of the tumor into pieces, investigators need implant
some pieces embedded in Matrigel, either subcutaneously or
orthotopically, into an immunodeficient mouse. The tumors,
which are established in immunodeficient mice, are cut
into 3-4 mm fragments and reimplanted into new hosts for
next passage. The generation of the patient-derived tumor
tissue is termed FO, with subsequent generations numbered
consecutively (F1, F2, F3 and so on). Different tumor types,
implantation sites, and mouse strains can cause differences
in PDX tumor formation time. In general, PDX takes 2 to 4
months from inoculation to harvest, and more than 6 months
of non-tumor is considered an implantation failure. Drug
testing has begun since the third generation (F3) of PDX,
and most research groups use F3-F10 for drug treatment (15).
Meanwhile, it will be necessary to confirm whether the PDX
has diverged from the donor’s tumor in genetics or histology.
Choosing the most appropriate mouse strain to generate
PDX model is an important consideration. The PDX
model was generated using several different mouse strains
with differences in immunosuppression and research
benefits. Nude mice are inexpensive and easy to observe
the subcutaneous PDX. However, it has intact innate
immunity and NK cells like B6 Rag 1 and scid mice, so the
tumor formation rate is low. In contrast, NOD scid, NOD.
Cg-Prkdc® TL2rg™"""/Sz] (NSG) strain and NOD-Cg-
Prkdc*® TL2rg™"**¢/JicTac strain (NOG) have humoral

immunity and innate immune deficiency, and PDX is more
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easily transplanted into these mice. Moreover, NOG and
NSG with more severely immunodeficiencies are more
suitable for human hematopoietic stem cell transplantation
and growth to build humanized mice. This humanized
mouse became a humanized PDX model after inoculation
of PDX tumors (21-25).

Reported success rates of PDX models estimated by
obtaining successful PDX tumors for next passages have
ranged between 20% and 80%, depending on the tumor
type (16,21,24-36). Even in the same histological origin
of same tumor type, the difference is also great. For
instance, an estrogen receptor-positive subtype of breast
cancer with an engraftment rate under 1% was reported.
Conversely, the triple negative subtype, the most aggressive
subtype of breast cancer, is much better represented
with an engraftment rate of over 35% (11,13). For PC,
most of reported engraftment rate is about 60% to 80%
(16,32,33,37-44) (1uble 1). In general, aggressive and
metastatic cancers exhibit higher PDX model transplant
rates than less malignant cancers. Compared with tumors
with low transplant rate, PDX mice with high transplant
rate have lower overall survival rate and increased
metastatic events, suggesting that the PDX formation rate
can sometimes be used as a predictor of disease prognosis.
Meanwhile, successful transplantation will also be affected
by the experimental procedure. In PC, implantation with
biopsy samples took a reduced engraftment rate (9/24,
37.5%) (44), and only 57/133 (43%) resected tumors
with some samples cryopreserved before implantation
successfully format PDX (39).

The rationale behind the development of the PDX
model is based on the expectation that these models will
preserve the heterogeneity of the tumor and accurately
predict the biological behavior of the tumor and its response
to treatment. Although cancer cell line, organoid, and
CDX models are more suitable for high-throughput drug
screening, they have strong selective proliferation and loss
tumor heterogeneity (13). Researchers hope that the PDX
model can be used as a better preclinical model to facilitated
drug development. There is considerable evidence that
PDX models retain key features of the patient’s tumor. In
PDX tumors, the histological and genomic features of the
patient's tumor and the heterogeneity of the tumor cells
are highly protected. PDX tumors also contain stroma and
immune cells derived from the patient (11,30,32,36,45).
Therefore, the PDX model is by far the best preclinical
model and represents a highly predictive drug response
platform. Researchers not only hope to use this tool to
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Table 1 PDX model for pancreatic cancer

First author Year Tissue type Xenograft type Mouse strain Successful rate
Reyes 1996 Resected tumor Orthotopic Nude mice 10/16 (62.5%)
Rubio-Viqueira 2006 Resected tumor Subcutaneous Nude mice N/A
Garrido-Laguna 2011 Resected tumor Subcutaneous Nude mice 42/69 (60.9%)
Delitto 2015 Resected tumor Subcutaneous NODSCID 15/25 (60.0%)
Jung 2016 Resected tumor Subcutaneous NODSCID 20/29 (69.0%)
Allaway 2016 29 biopsy samples Subcutaneous NSG mice 9/24 (37.5%)
Zhang 2017 Resected tumor Subcutaneous BALB/c nude mice  28/28 (100%) for primary implantation
18/28 (64.3%) for serial passage
Pergolini 2017 Resected tumor Subcutaneous Nu/j mice 57/133 (42.9%)
Bian 2017 30 resected tumors and 25 ~ Subcutaneous Nude mice N/A
biopsy samples
Jun 2018 Resected tumor Subcutaneous and NSG mice 18/25 (72.0%) for subcutaneous model;
orthotopic 17/25 (68.0%) for orthotopic model
Guo 2018 Resected tumor Subcutaneous NSG nude mice 86/121 (71.1%)

N/A, not applicable; PDX, patient-derived xenograft.

accelerate drug development, but also use this model to guide
patients’ treatment to achieve personalized medicine (46).

In sum, these evidences indicate that PDX models can
be a stable preclinical research platform that retains the
characteristics of original patients’ tumors with regard to
histology, genomic and transcriptomic signatures, and drug
responsiveness.

Clinical and preclinical applications of PDX
models

PDX clinical trial and biomarker screening

There is a large heterogeneity in the molecular
characteristics of PC. Therefore, many drugs fail in phase
II/IIT clinical trials. In particular, a series of clinical trials on
targeted drugs in PC in recent years have shown that even
patients with the same mutation have different response to
targeted therapy for this genomic alteration. So, we need a
better preclinical platform to further evaluate clinical trial
protocols and screen biomarkers. Because the drug response
in PDX models is very close to that in clinical practice,
it has been widely used in preclinical research. Gao et al.
reported the prediction of drug sensitivity in clinical trials
using PDX model (47). In drug research, drug susceptibility
tests on a certain number of PDX tumor models could infer
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the general efficiency of the combination in subsequent
clinical trials. For example, researchers used 11 PDX
models of PC, each of which was divided into 4 groups
for drug testing. The results showed that albumin-bound
paclitaxel plus gemcitabine had the highest drug response
rate (64%) in PDX, compared with albumin-bound
paclitaxel alone and gemcitabine alone (48,49). Through
the immunohistochemical analysis of PDX tumors, the
mechanism of action of albumin-bound paclitaxel combined
with gemcitabine was also found, which was to increase the
concentration of local gemcitabine by reducing the content
of stromal cells in the tumor. Some researchers conducted
PDX trial of sirolimus similar to the Phase II clinical trial of
on the PDX model, and the results were highly consistent
with the drug response rate of the phase II clinical trial
(24% wvs. 26%) (50). Another drug, AZD0530, were not
satisfactory in PDX trial, so the results of the subsequent
Phase II clinical study also failed (51). A population-based
drug screen has recently been carried out in more than 1,000
PDX models representing a wide range of solid cancers
(include PC). Biomarkers of drug sensitivity identified
from previous studies were successfully validated in this
large panel of PDX models (47). Some novel therapeutic
candidates were also detected in PDX trials.

Thus, by using a certain number of unselected PC
PDX models, we can perform a statistical, randomized
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Figure 1 Proposed preclinical screening and biomarker study in PDX models. PDX, patient-derived xenograft.

trial (52). Based on the performance of the drug in the
PDX trial, we can predict the effectiveness of subsequent
clinical trials and improve the design of clinical trials. By
the consistency of drug response in PDX model and clinical
practice, researchers could screen the corresponding drug
biomarkers (Figure 1). The PDX model was divided into
sensitive group and insensitive group according to the drug
response. The biomarkers were screened by comparing
the mutation or expression difference of the corresponding
molecules between the two groups. In recent years, studies
on drug sensitivity or resistance biomarkers for PC in PDX
model have been reported frequently. Golan ez 4/. identified
novel biomarkers of PARP inhibitor/cisplatin treatments in
PC PDX model (53). Bian ez a/. reported that PC PDX with
an exacerbated expression profile of MYC transcriptional
targets (MYC-high) are more sensitive to JQ1 treatment
compared to MYC-low PDX. A large-scale PDX trial of PC
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is needed to validate these biomarkers (43).

PDX are generated in high numbers and extensively
characterized at the molecular level and provide a powerful
resource for large-scale genotype-response correlations.
Thus, PDX model can also be used in basket and umbrella
trials. In the era of precision medicine, clinical trials based
on tumor sites are too inefficient (54). ‘Basket’ designed
clinical trials which are defined as different types of tumors
with the same genomic alteration in a clinical trial can
significantly improve the efficiency and save research
resources. If researchers have a large-scale PDX bank
containing multiple tumors, then a basket trial can also be
performed on the PDX model. Especially for refractory
tumors such as PC, basket trial can provide new treatment
options for PC patients with specific targets. If researchers
have a PDX panel of PC, an umbrella trial on PDX
model can also be performed. Umbrella studies emphasize
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Figure 2 The utility of PDX clinical trial with a basket or umbrella design. PDX, patient-derived xenograft.

different treatments for different mutations in patients with
same tumor, which is important for PC because the current
objective response rate (ORR) of drugs is low. The large-
scale PDX bank contains a number of low-frequency driver
mutations that allow researchers to conduct appropriate
drug test for these PDX. Umbrella study based on the
molecular characteristics of each patient's tumor can
improve the ORR of PC drugs and reduce the ineffective
treatment of patients (Figure 2).

Another significant benefit to performing trials in PDXs
(compared with human trials) is that each xenograft can
be injected into multiple animals, which allows for direct
comparison between drug and control in the same cancer.
This direct paired drug trial can directly compare each
patient's response to different drugs, which completely
excludes the effect of the enrolled population on the drug
test results. In theory, this control is more rigorous than
human clinical trials and the results are more reliable. In
particular, the difference between the two can be seen more
intuitively when evaluating the combination and single use.

PDX co-clinical avatar trials

Co-clinical trial refers to simultaneous clinical trials and
preclinical PDX trials in which patients and PDX tumors
have similar molecular characteristics (55). This idea is
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based on PDX's accurate drug prediction capability. A
phase II or Phase III clinical study often takes several years,
and the PDX trial can be completed in a matter of months.
By comparing these two trials, we can conduct a series of
studies on the mechanism of action of drugs, biomarkers
of drug susceptibility and drug resistance (50,56,57). The
co-clinical trial was first developed on the genetically
engineered mouse models, but was quickly used in the
PDX model. Patients enrolled in clinical trials are used to
establish the corresponding PDX models. These models
receive the same treatment as the patients, and can quickly
obtain the drug response, optimize the combination, explore
drug resistance mechanisms, and screen for biomarkers (58).
Another application of Co-clinical trial is the use of the
avatar PDX model in personalized trial. The drug response
in the PDX model directly guides the patient’s treatment.
Hidalgo ez 4l. conducted clinical trial on metastatic PC used
the avatar PDX model to obtain the patient's drug response
and optimize therapy (NCT02795650).

PDX model for personalized medicine

Drug selection for patients with PC has relied on evidence
from large population-based RCT studies. The first-line
drug choices offered by physicians are the best-performing
drugs in the population but not necessarily for a single

Chin Clin Oncol 2019;8(2):17



Page 6 of 11

individual patient. Therefore, individualized anti-tumor
treatments are developed for each patient to give patients
the best way to benefit. This is especially important in PC
for the current ORR of first-line drugs is very low and most
patients are actually receiving ineffective treatment.

The PDX model relies on its high fidelity for the genetic
and pathological features of patients, and is particularly
suitable for use in personalized medicine. For example, in
patients with PC, researchers can use the surgical sample to
establish an avatar PDX model for patients with PC. Once
the patient has recurrence and metastasis, the sensitivity of
all chemotherapy and targeted drugs for PC can be tested
simultaneously, and even drugs for other tumor can be
tested in PDX model. According to the test results, we can
choose the appropriate treatment. If multiple drugs are
sensitive, we can even try combination therapy. Moreover,
unlike other individualized drug selection methods, if
selected drug exhibits secondary resistance during use,
we can re-select the drug through the drug resistance
model of PDX mice or build a new model by re-biopsy.
This method of personalized treatment still faces many
challenges. The first is the tumor formation rate of the
PDX model, and not every patient’s tumor can successfully
form a PDX. Although the rate of PDX formation in PC
is high, only 60-70% of patients can be made their avatar
PDX. Then, PDX formation took too much time. At least
3 months of tumor formation time bring a huge clinical
challenge. The rapid progression of PC makes it almost
impossible for patients to wait for such long-term. Finally,
there is also a huge expense. PDX modeling is expensive
because it involves costly immunodeficient mice and need
multiple passages.

Although these problems are difficult to solve completely,
there are some ways to try it in PC. For example, although
the tumor formation rate of PC PDX model cannot reach
100%, patients with no PDX formation tend to have a
better prognosis, and the possibility of recurrence is lower
(32,39,41). So most relapsed PC patients have their avatar
PDX model. Secondly, making the PDX model immediately
after surgery and carrying out drug test is when the
patient is still disease-free, which can directly give the best
treatment recommendation when the patient relapses.
This method is particularly suitable for PC, because the
recurrence rate is extremely high. Finally, screening of
multiple drugs can be performed on primary cells and
organoid of PC, and then verified by PDX model. This
method can greatly save time and money while the accuracy
of drug sensitivity is ensured. At present, some researchers
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and commercial companies are making initial attempts to
personalized medicine in PDX model (59-61).

Patient-derived orthotopic xenografts (PDOX)

Although the Subcutaneous PDX model retains some stromal
cells, it cannot mimic a tumor microenvironment (62). Because
the implantation site not consistent with donor tumors,
some pancreatic-specific cells and stroma cannot be
retained in the subcutaneous tumor. Of course, there is also
a lack of metastatic features of PC. PDOX of PC is a direct
injection of PDX tumors into pancreas, primarily the tail
of pancreas. The PDOX model has many advantages over
the subcutaneous PDX model: (I) a more realistic tumor
microenvironment, orthotopic xenograft can better mimic
the microenvironment of PC, and the drug sensitivity
results are more consistent with patients. Garrido-Laguna
et al. changed part of the PDX model to PDOX, the
sensitivity of gemcitabine also changed (32); (II) like the PC,
the PDOX model will have liver metastases. It can simulate
liver metastasis of PC. The difference in drug response
between metastases and primary tumors can be compared in
the following study. It can also be used to evaluate the effect
of adjuvant therapy; (III) for some organ-specific treatments,
it must be evaluated by the PDOX model. Cai et 4l. used
an orthotopic pancreatic PDX model to evaluate antitumor
effect of apratoxin S10 as Apra S10 tissue distribution
indicated its high enrichment in pancreas tissue (63).
The large-scale application of PDOX still faces many
challenges. The first is that the modeling of the PDOX
relies on surgery on mouse, which adds a lot of work. Then
in vivo imaging probes is necessary for evaluation, for
orthotopic xenografts are deep in the body.

Humanized PDX models

With the rapid development of cancer immunotherapy in
recent years, researchers urgently need a PDX model that
can be evaluated for immunotherapy (64). However, PDX
was modeled on immunodeficient mice and lacked various
immune cells (65). Humanized mice are models of human
immune system reconstitution in immunodeficient mice
(66,67). Combining the humanized mouse model with the
PDX model, we can obtain a humanized PDX model (68).
Generally, humanized mice can be obtained by injection
of peripheral blood mononuclear cells (PBMC) or CD34+
human hematopoietic stem cells (HSCs). However, PBMC
may cause severe graft-versus-host reactions (69). The
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most ideal method is to use the CD34+ HSC from the
patient which is the PDX donor, but this is often difficult
to achieve. The host selection is generally NOD.Cg-
Prkdc™ TL2rg™""/Sz] (NSG) strain and NOD-Cg-
Prkdc™ TL2rg™"**¢/JicTac strain (NOG). Although the
humanized PDX model is currently the best preclinical
model for evaluating immunotherapy, there are still many
shortcomings. In particular, the degree of reconstruction
of the immune system of humanized mice is different. The
difference in the degree of reconstruction of the immune
system in mice may bring about different therapeutic
effects of immunotherapy. For example, checkpoint
therapy often relies on tumor-infiltrating T cells, and we
cannot know whether the difference in tumor-infiltrating
T cells is caused by humanized immune system or by
tumor itself.

CTC-derived PDX models
CTC-derived PDX models are PDX models that directly

implant isolated CTCs on immunodeficient mice
(17-20). In recent years, many studies have shown that
CTCs can detect drug susceptibility in advanced tumors
(70-72). The drug susceptibility results of CTC are also
consistent with the patient’s primary tumor. Therefore, for
patients with advanced cancer who are difficult to perform
repeated biopsy, CTC-derived PDX models can be used to
assess drug sensitivity of patients. With the development
of CTCs separation technology, it has become possible
to separate and enrich CTCs. Using CTC-derived PDX
models, we can model PDX at multiple time points to
assess tumor evolution, tumor resistance mechanisms, and
biomarkers. Currently, PC CTC-derived PDX models has

not been reported.

Challenges and prospects

Although, the PDX model can well preserve the
pathological and molecular characteristics of PC. But
there is no denying that the PDX tumor will change
with the passage. Recent studies have shown that clonal
selection occurs not only in initial engraftment steps but
also in propagation steps (73). Moreover, these changes
are different from the clonal evolution that occurs when
tumors metastasize. Moreover, with the passage of PDX,
human stromal and immune cells disappear rapidly, which is
particularly important for PC. PC is identified as abundant
stroma, and the reduction of human stromal components
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has an effect on the susceptibility of drugs. Therefore, it
is more appropriate to use the early passage of the PDX.
The subcutaneous PDX model can have an impact on
the response to some drugs, especially anti-angiogenic
drugs. Subcutaneous PC PDX has a rich blood supply,
which is different from the lack of blood supply for PC.
However, the PDOX model for PC is lacking the ability
to noninvasively and longitudinally monitor PDX tumor
growth kinetics and response to therapies. Small animal
imaging techniques, such as computed tomography (CT),
magnetic resonance imaging (MRI), and positron-emission
tomography (PET) are limited with respect to high-
throughput implementation and require costly equipment
and infrastructure and a high level of technical expertise.

Organoid model is an # vitro model of 3D culture that
retains the patient’s pathological and genetic characteristics.
So, it is ideal for high-throughput drug screening. However,
the process of 3d culture in vitro inevitably brings artificial
selection, resulting in loss of certain tumor heterogeneity
in organoid model. Thus, PDX models are still the
best model for retaining clinical tumor heterogeneity.
Meanwhile, organoid model lacks stromal components,
while PC is characterized by abundant stroma. Finally,
the organoid model is still an in vitro model that lacks a
complex environment iz vivo and related metabolic and
immune factors. This can lead to inaccuracies in the drug
susceptibility results.

With the development of the humanized PDX model,
the modeling of humanized mice will become more reliable,
and various immune functions in humanized mice need to
be evaluated. Currently humanized mice need better. These
immune-deficient mice will overcome current shortcomings
by genome editing. These modifications will include the
replacement or introduction of combinations of human-
specific cytokine receptors and adhesion molecules, as well
as more comprehensive sets of HLA class I and HLA class
II molecules. This will reduce graft-versus-host response
and make more complete reconstruction of the human
immune system in the mice.

The use of the PDX model in clinical trials relies on
a large-scale PDX bank. This is difficult and costly for
a research team. Therefore, it is necessary to establish a
multi-center collaborative network, which includes not only
researchers but also pharmaceutical companies, just like
EurOPDX. It may be difficult to set up a PDX consortium
of multi-tumor. At least a collaborative network of PC PDX
can be established to assemble PDX from various teams
to form the PDX encyclopedia of PC, which can greatly
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accelerate the drug development of PC, explore treatment
strategies and bring survival benefits to clinical patients.

Conclusions

The PDX model has been widely used in the past decade.
The PC PDX model has been very reliable from modeling,
identification and passage. The PDX model of PDX
has been used in many applications in PDX trial, drug
biomarker screening, PDX co-clinical trial and personalized
medicine. At the same time, the new PDOX model,
humanized PDX model and CTC-derived PDX model have
also developed rapidly. With the cooperation of various
research teams of PC PDX, PC PDX will be more widely

used in clinical and clinical research.
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