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Abstract Despite advancing therapeutic treatments, cancer remains the leading cause of
death worldwide, with most of its patients developing drug resistance and recurrence after
initial treatment. Therefore, incorporating preclinical models that mimic human cancer
biology and drug responses is essential for improving treatment efficacy and prognosis. Pa-
tient-derived xenograft (PDX) models, as a promising and reliable preclinical trial platform,
retain key features of the original tumor such as gene expression profiles, histopathological
features, drug responses, and molecular signatures more faithfully compared with traditional
tumor cell line models and cell line-derived xenograft models. Their significant advantages
have been the preferred choice in cancer research, especially demonstrating remarkable po-
tential in drug development, clinical combination therapy, and precision medicine. However,
the successful construction and effective application of PDX models still face several chal-
lenges. In this review, we summarize the details of constructing PDX models and the drivers
affecting their success rates, which will provide some theoretical basis for subsequent model
optimization. In the meantime, we delineate the strengths and weaknesses of various mature
PDX models and other developing preclinical models, including PDX-derived models, organoids,
and genetically engineered models. Moreover, we highlight the challenges of newly developed
technologies on the PDX models. Finally, we emphasize the innovative usage of PDX models in a
variety of cancer studies and offer insights into their prospects.
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Introduction

The incidence and prevalence of cancer have continued a
sustained upward trend over the past several decades,1

with the number of newly diagnosed cancer patients pro-
jected to reach 28.4 million per year by 2040.2,3 Nowadays,
most patients with advanced malignancies are still treated
with conventional chemotherapy/radiotherapy and sur-
gery, according to clinical guidelines, with minimal treat-
ment options.4,5 Compared with traditional therapies, the
arrival of therapeutic strategies such as precision medicine
and immunotherapy has brought new hope for cancer
treatment and significantly improved the survival rate of
tumor patients. However, not all patients can experience
the benefits of these new therapies, and some challenges
remain, for example, the problem of drug resistance is
almost inevitable.5

Therefore, it is of global significance to explore the
developmental mechanisms of cancer and to improve
diagnostic and treatment strategies. Among these, devel-
oping preclinical experimental models that precisely
encapsulate tumor biology, genetic heterogeneity, and drug
response has been a key to cancer research, and these
models are increasingly becoming an important and indis-
pensable tool for this basic research6,7. Patient-derived
xenograft (PDX) models are xenografts formed by implant-
ing patient-derived tumor tissue or cancer cells into
immunodeficient mice8,9 and have become one of the most
essential tools for bridging the gap between traditional
animal models and clinical trials. This review summarizes
the recent advances in PDX modeling in diverse cancer
research areas and provides the prospects of PDX modeling,
highlighting the challenges and innovations in this field.

Methodology for modeling PDX

Historical use of animal tumor models dates back to the
1950s, with studies reporting the use of animal models in
leukemia for drug discovery.10 Immediately thereafter,
Toolan et al in 1951 succeeded in growing 33 cell line-
derived xenograft tumor models by subcutaneously inject-
ing human tumor cell suspensions into X-ray irradiated
experimental animals.11 It was not until the advent of the
nude mouse model in 1962 inaugurated a new era of PDX
modeling,12 which was the first mouse strain capable of
being used for PDX model construction, followed by the first
successful implantation of tumor fragments from a pa-
tient’s colonic adenocarcinoma into nude mice by Rygaard
and Povlsen in 1969.13 Since then, studies on PDX models
have continued to evolve and progress, not only con-
structing numerous novel host models but also optimizing
and innovating these models by combining several innova-
tive technologies.

Numerous PDX biobanks have been globally established
to collect diverse types of tumor tissues for facilitating
preclinical testing of cancer therapies on PDX models as
described in Table 1, allowing researchers to conveniently
use these sources to match their research interests.
Procedure of PDX model building

While PDX models are usually based on tumor tissue ob-
tained during surgery or biopsy, some studies have reported
that patient-derived ascites,14 circulating tumor cells,15 or
pleural fluid-obtained tumor cells16 can also effectively
construct PDX models in certain tumor types. Moreover,
radical surgical resection had better modeling success than
partial resection or biopsy,17,18 whereas clinical biopsy
specimens exhibited higher implantation rates in con-
structing metastatic PDX models.19,20 Patient-derived tu-
mors were implanted as tumor fragments or single-cell
suspensions into suitable immunodeficient mice (“F0” for
the first generation, the sequent generations were named
F1, F2, F3, . and Fn accordingly).21 Selecting to implant as
tumor fragments better preserves intercellular interactions
and mimics the tumor microenvironment, with more frag-
ments and smaller sizes resulting in higher tumor grafting
success rates.6,22 In contrast, the single-cell suspension
avoids heterogeneity within the tumor to some extent,
allowing researchers to perform unbiased collection and
implantation of tumor samples,23 However, the pre-treat-
ment process may result in a reduction of cellular activity
due to chemical or physical damages, affecting success
rates.6

Tumor tissues or cells can be either mixed with base-
ment membrane matrix (Matrigel) or directly embedded
prior to transplantation, and the growth of the tumors
mixed with Matrigel showed higher growth efficiency.24

Constructing the PDX model for different tumor types re-
quires different times, thus, consistent tumor growth rate
and volume monitoring are also essential parts of the
modeling process.25,26 Usually, starting in the F3 genera-
tion, these mouse models were used for subsequent drug
therapy trials, mechanistic studies, basic research, etc.21

(Fig. 1). Implantation failure can only be recognized when
there is a significant trend of undetectable tumor growth
for at least 6 months or the observed mass is only prolif-
erated by non-epithelial cells.27,28 Moreover, PDX samples
and data should be stored together with the patient’s
clinical information to generate PDX libraries.12
Interfering factors in the success rate of PDX
modeling

Successful construction of PDX models undoubtedly pre-
sents innovative opportunities for oncology research.
However, their success rate is influenced by various factors,
which are discussed as follows.
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Table 1 International PDX biobanks.

Affiliation Cancer type Internet Link

National cancer institute (NCI) PDXNet Pan-cancer PDX (pdxnetwork.org)
NCI patient-derived models repository (PDMR) Pan-cancer Patient-Derived Models Repository (PDMR) (cancer.gov)
NCI Pediatric Preclinical In Vivo Testing

Consortium (PIVOT)
Pediatric
tumors

Pediatric Preclinical In Vivo Testing Consortium (PIVOT) e
Advancing treatment options for children with cancer
(preclinicalpivot.org)

EurOPDX consortium Pan-cancer Homepage - EuroPDX
PDX finder Pan-cancer CancerModels.Org - Find PDX, organoid, and cell line cancer

models
Jackson laboratory Pan-cancer The Jackson Laboratory (jax.org)
Champions oncology Pan-cancer Champions Oncology
UHN princess margaret living biobank Pan-cancer Princess Margaret Living Biobank | UHN (uhnresearch.ca)
Center for patient derived models (CPDM) Pan-cancer Center for Patient-Derived Models | Dana-Farber Cancer

Institute
Charles river laboratories Pan-cancer Patient-Derived Xenograft: PDX Models | Charles River (criver.

com)
Washington university PDX development and

trial center (WU-PDTC)
Pan-cancer PDXdb: Washington University PDX Development and Trial

Center | PDXdb (wustl.edu)
Crown bioscience Pan-cancer Preclinical Oncology CRO | Contract Research Drug

Development Company (crownbio.com)
St. Jude Children’s research hospital,

childhood solid tumor network (CSTN)
Childhood
solid tumor

Childhood Solid Tumor Network | St. Jude Research (stjude.
org)

ITCC-P4 platform Pediatric
tumors

ITCC P4 - Paediatric Preclinical Proof Of Concept Platform

Candiolo cancer institute Gastric
cancer and
colorectal
cancer

Home | Istituto di Candiolo - FPO - IRCCS

Luxembourg institute of health Tumors of
the nervous
system

PRECISION-PDX » Luxembourg Institute of Health (lih.lu)

Vall d’Hebron institute of oncology Breast
carcinoma,
pancreatic
cancer,
colorectal
cancer

Inicio - VHIO
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Immunodeficient mice

Mammals (especially mice and rats) have a higher similarity
to humans than other non-mammals,29 and the mouse
genome revealed 78.5% genetic homology between mice
and humans.30,31 The mouse model also has relatively short
generation cycles, quick reproduction rate, easy manipu-
lation, and convenient allowance for genetic engineering
and invasive experiments.3 To avoid immune rejection in
mouse models, researchers choose mice with a high degree
of immunodeficiency to create PDX models (Table 2).3

Nude mice are the first known immunodeficient mouse
strain and are among the most used mouse strains for
constructing PDX models.32 Afterward, Makino et al iden-
tified non-obese diabetic (NOD) mice in 1980,33 and Bosma
et al first described severely combined immunodeficient
(SCID) mice in 1983.34 Then, researchers established the
NOD/SCID mice by crossing NOD and SCID mice.12 Based on
NOD-SCID mice, researchers further developed new
immunodeficient mouse models by introducing mutations in
IL2Rg (IL-2 receptor subunit gamma) or Jak3 (Janus kinase
3), including NOG (NOD/Shi-scid IL2Rg null), NOJ (NOD/scid
Jak3 null), or NSG (NOD/scid IL2Rg null) mice.35e37 More-
over, BRG (BALB/c Rag-2 null/IL2Rg null) and BRJ (BALB/c
Rag-2 null/Jak3 null) mice were newly constructed with the
background of BALB/c mice for IL2Rg or Jak3, and Rag-2
(recombination activating gene 2) knockout mice.38,39

Different mouse strains present varying degrees of
immunosuppression, and tumor implantation rates are
higher in mouse strains with more severe immunodefi-
ciency (e.g., BRG/BRJ, NOG/NSG/NOJ).40,41 Meanwhile,
distinct mouse strains are suitable for a variety of diverse
types of cancer studies. For example, SCID mice show
higher success rates in colorectal cancer and breast cancer
cell implantation,42 while NSG mice have higher implan-
tation rates for neuroblastoma.43 Furthermore, young
mice (6e8 weeks) showed better hosts for xenografts
versus old ones.27

https://www.pdxnetwork.org/
https://pdmr.cancer.gov/
https://preclinicalpivot.org/
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https://preclinicalpivot.org/
https://www.europdx.eu/
https://www.cancermodels.org/
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https://pmlivingbiobank.uhnresearch.ca/
https://www.dana-farber.org/research/integrative-research/patient-derived-models
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Figure 1 The steps of establishing PDX models. F0 refers to direct tumor tissue implantation into immunodeficient mice. Each
subsequent successful transplantation generation is named F1, F2, . and Fn.

Table 2 Immunodeficient mouse species for PDX model construction.

Mice Nude SCID NOD-SCID NOG/NSG/NOJ BRG/BRJ

Mutated gene Foxn1 Prkdc SCID SCID, IL2Rg,
Jak3

IL2Rg, Jak3,
Rag-2

Immunological
phenotype

T Cells e e e e e

B Cells þ e e e e

Natural killer cells þ þ Y e e

Macrophages þ þ Y Y þ
Dendritic cells þ þ Y Y þ

Success rate of PDX Low Low Moderate High High
Advantages Easy

observation of
subcutaneous
tumor size;
easily
accessible

Better
implantation
than nude mice

Better
implantation
than nude mice

Outstanding
transplant
success rates;
longer lifespan;
suitable for
establishing
human mice

Outstanding
implantation
success;
radiation
resistant;
suitable for
establishing
human mice

Disadvantages Lower
transplantation
success rate;
functional B
cells and
natural killer
cells; T-cell
leakage

Leakage of T
and B cells;
functional
natural killer
cells;
radiosensitivity

Spontaneous
lymphoma;
short life
expectancy;
radiosensitivity

Need strict
specific
pathogen-free
conditions;
expensive

Expensive

Note: FOXN1, forkhead box N1; Prkdc, protein kinase, DNA-activated, catalytic subunit; SCID, severely combined immunodeficient;
IL2Rg, IL-2 receptor subunit gamma; Jak3, Janus kinase 3; Rag-2, recombination activating gene 2. NK: natural killer cells, Mf: mac-
rophages, DCs: dendritic cells.

4 M. Liu, X. Yang



Patient-derived xenograft models 5
Implantation sites for PDX models and
preservation of tumor specimens

In constructing PDX models, the transplantation site is a key
factor affecting tumor growth and migration characteris-
tics,44 including heterotopic transplantation and orthotopic
transplantation.21 In general, orthotopic transplantation is
considered the preferred transplantation site because it is
closer to the original tumor in terms of anatomical and
histopathological features,45 and more accurately mimics
the tumor’s ability to grow and metastasize.46 Orthotopic
transplantation requires high technical manipulation in a
specific anatomical location. Furthermore, in later stages,
it may be necessary to monitor the tumor growth and
specific location with non-invasive imaging techniques such
as computed tomography or ultrasound.47,48 Thus, it may be
technically challenging.

Compared with orthotopic transplantation, heterotopic
transplantation is relatively simple.22 Tumor growth is
commonly confined to the tumor implantation site, which is
conducive to more accurate monitoring of tumor size and
location, but it cannot simulate the real tumor microenvi-
ronment and tumor metastatic process.44 Currently, sub-
cutaneous transplantation is the most used approach.49

However, studies have shown that non-subcutaneous
transplantation provides better angiogenic capacity.45

Therefore, determining the optimal implantation site for
various tumor types is essential for subsequent studies in
the PDX model.

Meanwhile, in establishing and maintaining the PDX
model, fresh tissue samples are usually preferred for
transplantation, better than overnight stored or cry-
opreserved tumor fragments.50 Simultaneously, to maxi-
mize the preservation of tumor viability, the time gap
between sample acquisition and implantation should be
shortened as soon as possible, and fresh tumor samples
should be kept in a cryogenic environment after
isolation.26,51

However, due to cost and time limitations, frozen graft
specimens are often used, especially during subsequent
passaging.51,52 These tumor samples are generally stored in
liquid nitrogen using specific cryopreservation agents.40

Alkema et al53 and Ivanics et al54 tested the effect of
different tumor preservation protocols on cryopreservation
and resuscitation activity of PDX tumors and showed that
samples based on fetal calf serum/dimethyl sulfoxide53 and
the use of specialized cryoprotectants54 improved post-
resuscitation transplantation success rates.

Implanted tumor type and malignancy

When modeling PDX, tumor types and their malignancy are
important factors influencing the success rate. Tumors with
high malignancy, metastasis, and invasiveness have a higher
success rate.55 Also, Izumchenko et al implanted tumor
samples from 1163 patients into immunodeficient mice,
confirming significant differences in PDX implantation suc-
cess rates among the different tumor types.56

Several studies have found that the success rate of PDX
modeling is also correlated with patients’ previous treat-
ment history. For instance, Kuwata et al in constructing
gastric cancer PDX models found that the implantation suc-
cess rate of gastric cancer patients who received chemo-
therapy was higher than that of patients who did not receive
chemotherapy.57 Meanwhile, Heo et al found that the suc-
cess rate of epithelial ovarian cancer PDX models was
negatively correlated with the overall survival rate of pa-
tients whose tumors were derived from epithelial ovarian
cancer.58

In addition, studies have shown that for hormone-
dependent tumors,59 such as most estrogen receptor-posi-
tive breast cancers and prostate cancers,60e62 by supple-
menting with relevant human hormones (e.g., estradiol or
testosterone), the success rate of PDX construction can be
effectively improved.24 Besides, Liu et al found that PDX
models of gastric cancer may be easier to establish in men
than in women.63 This implies that among certain tumor
types, gender differences may also affect PDX construc-
tion. Therefore, to maximize the value of PDX models,
deeply understanding these influential factors is crucial for
the efficient establishment of PDX models (Fig. 2).
Advantages and limitations of PDX models

The xenograft models depending on their origin are cate-
gorized into cell line-derived xenograft models and PDX
models.64 Cell line-derived xenograft models are con-
structed by transplanting in vitro cultured tumor cell lines
into immunodeficient mice, which are currently one of the
most commonly used preclinical models.65,66 However, in
vitro cultured tumor cells are not fully characteristic of
each cancer patient as they are generally derived from a
specific tumor subpopulation.40,67 Additionally, during
repeated passaging, tumor cell lines adapt to the in vitro
culture environment, which will ultimately result in the
original tumor genome expression and biomarker alter-
ations,47,68 with poor predictive value for clinical drug
development.25,69

However, the PDX model faithfully encapsulates the
gene profile expression of transplanted tumors, preserving
more than 80% genome of the original tumor tissue.69,70 It
was reported that the PDX model was able to maintain
genomic stability with high fidelity in the first 10 passages
to ensure adequate experimental cycles.40,71 Simulta-
neously, PDX models preserve high-fidelity histological
characteristics of transplanted tumors.72 Braekeveldt et al
found that the neuroblastoma PDX model exhibited
genomic, transcriptional, and phenotypic stability for more
than two years through serial passaging and comprehensive
molecular analyses.73 One study observed that in glioblas-
toma multiforme PDX models, mRNA expression levels of
specific genes, such as cell-cycle modules, showed a stable
transcriptional signature.74 Similarly, another study
demonstrated that xenografts reflect specific markers of
tumor histological subtypes at the mRNA level, despite the
reduction of extracellular matrix.75 Moreover, although
there was a 17% difference in miRNA expression between
the patient tumors and the PDX model, it did not change
significantly with prolonged PDX passaging.76 This indicates
that the PDX model is more appropriate for the accurate
identification of tumor-specific biomarkers for diagnostic,
prognostic, and therapeutic targeting.



Figure 2 The distractors affecting the successful construction of PDX models.
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Furthermore, PDX models have shown consistency in
simulating clinical drug responses.26 Similarly, several
large-scale PDX clinical studies on drug response and
resistance mechanisms have affirmed the reproducibility
and translational clinical utility of PDX.41,77,78 Such evi-
dence clearly indicates that PDX is a trustworthy preclinical
model.

While PDX models are increasingly valued in cancer
research, they indeed have limitations that should be
clearly understood to achieve their optimal application.
Firstly, the success rate of tumor engraftment is currently
variable. For instance, tumors with poor patient prognosis
often exhibit higher engraftment and metastatic capabil-
ities.79 However, tumors of high malignancy and low dif-
ferentiation may become more unstable after
implantation.72,76 Secondly, developing a PDX model for
preclinical use is time-consuming, while patient survival
times are limited, and the development of models with low
engraftment rates can further delay treatment plans and
increase costs in clinic practices.26

Despite the application of advanced imaging technolo-
gies for tumor monitoring and visualization in PDX models,
such as diffusion-weighted magnetic resonance imaging,
dynamic contrast-enhanced magnetic resonance imaging,
micro-computed tomography, and positron emission to-
mography tracer imaging,52,80e82 the implementation of
these techniques in PDX models with maximal efficacy re-
mains challenging. While PDX models preserve the
histological structure of the original patient tumors, murine
stromal components replace human stromal cells during
passaging.16 These changes in the stromal components
significantly affect tumor development by altering signaling
pathways and gene expression profiles.83,84

Therefore, while the heterogeneity of the original tumor
was shown to be generalized by PDX models, alterations in
the tumor microenvironment result in the generation of
different selective pressures to influence tumors’ clonal
evolution, rendering PDX models not entirely accurate to
present the heterogeneity of patient tumors.85,86 Moreover,
Sprouffske et al assessed the genetic heterogeneity in two
triple-negative breast cancer PDXs,85 and whole-exome
sequencing results suggested that mouse stroma could be a
confounding factor for assessing tumor heterogeneity,
allowing genetic heterogeneity to be exaggerated in the
assessment.30,85 A study by Blomme et al in the colorectal
cancer liver metastasis PDX model found that despite the
early replacement of human stroma by mouse stroma, the
PDX model remained somewhat stable at the metabolic
level, implying that human cancer cells “educate” murine
stromal cells to express a human-like phenotype during PDX
development.87

Cross-contamination of cell lines and mouse viral in-
fections are pervasive issues in cancer research, with new
studies highlighting phenomena such as human cancer cell-
to-murine oncogenic cell transformation and normal cell-to-
cancer cell transformation in PDX models.15 Also, PDXs have
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detected xenotropic murine leukemia viruses88 and murine
endogenous retroviruses.89,90 Once activated, these viruses
can induce spontaneous tumor formation in mice (especially
in the F1 generation24,91). Such uncontrollable factors
introduce a multitude of uncertainties in various studies.

Admittedly, while the PDX model has demonstrated
strong potential and reliability in preclinical studies, its
limitations have somewhat constrained its broad applica-
tion in precision medicine and personalized therapy.
Therefore, to ensure the accuracy of personalized therapy,
researchers are constantly searching for new methods and
technologies to improve the PDX model, such as by
continuously optimizing the construction process and
evaluation methods of the PDX model, conducting detailed
biological validation and comparison of clinical data, con-
structing diversified animal models (including the PDX
mouse model), and actively integrating new technologies
and methods to combine with the PDX model, etc., which
will more effectively guide the development of personal-
ized treatment strategies, thereby improving the predictive
ability and clinical application value of the PDX model.

Innovation of PDX models

Recently, platforms like Xenograft Visualization & Analysis
(Xeva) have emerged, offering researchers powerful tools
for storing, accessing, visualizing, and analyzing complex
pharmacogenomic data during in vivo drug screening.68

Additionally, combining high-throughput omics technolo-
gies (whole-genome sequencing, whole-exome sequencing,
RNA sequencing, single-cell RNA sequencing), and bioin-
formatics methods, have effectively addressed the chal-
lenges faced by PDX models.92 To ensure the quality and
reproducibility of PDX models, Meehan et al introduced the
Minimum Information Standard for PDX Models (PDX-MI),
defining the minimum information required for PDX models,
including clinical details of patient tumors, mouse strains,
and implantation methods.93 Although the advantages of
PDX models in cancer research are becoming clear, as
cancer studies advance, more appropriate preclinical
models are increasingly important to develop (Fig. 3). They
minimize the possibility of clinical trial failures while
providing more effective personalized treatment options
for cancer patients.

Patient-derived xenograft cells

Compared with PDX models, PDX cells are less costly and
easier to manipulate, suitable for high-throughput drug
screening and in vitro gene regulation.94,95 Several studies
have shown that PDX cells have a higher success rate than
primary tissue-cultured cell line models, for one reason
that human fibroblasts in PDX tissues are easily replaced by
mouse fibroblasts,12,94 which are more sensitive to me-
chanical and enzymatic removal, with less time to elimi-
nate.12,96 Concurrently, compared with traditional cell line
models, PDX cells are better able to preserve the histology,
molecular characteristics, and degree of tumor heteroge-
neity from the original tumor.96,97 However, chol-
angiocarcinoma research has found that PDX cell models
may experience the loss of the Y chromosome during in
vitro cultivation.12,98 This phenomenon alerted researchers
to the lack of accuracy in maintaining gene expression in
PDX cells. Nevertheless, PDX cells certainly provide a
cellular resource closer to the patient’s original tumor
traits for cancer research.98

MiniPDX models

The advent of the MiniPDX has mitigated some limitations
of PDX models and organoid models, such as the long
modeling time and low success rate of PDX, and organoids’
inability to fully assess drug responses.99 MiniPDXs are
created by preparing a single-cell suspension from fresh
tumor samples obtained from patients and encapsulating it
in OncoVee capsules,99 which are then subcutaneously
implanted into immunodeficient mice.6 This hollow fiber
culture system enables rapid assessment of drug sensitivity
within approximately seven days.3,100,101 Zhang et al
showed that the MiniPDX model’s drug sensitivity test re-
sults exhibit up to 92% concordance with PDX models.102

Although MiniPDX still has limitations, such as not fully
replicating the complex tumor microenvironment, its short
testing cycle, low cost, and high concordance of drug
response assessment with clinical treatment outcomes,102

making it a highly effective alternative to the PDX model,
promising to accelerate the drug discovery process and
optimize treatment strategies.

Tumor organoids

Patient-derived organoids are miniature three-dimensional
culture models constructed from patient tumor tissue or
circulating tumor cells.103 The landmark significance of
tumor-like organ models, which can be preserved, revived,
and continuously passaged with self-renewal and self-
propagation capabilities. They can rapidly summarize and
maintain the original tumor’s genotypic features, histolog-
ical phenotype, and heterogeneity,103 and allow gene-level
editing and modifications,104 offering substantial opportu-
nities for developing large biobanks.105,106

PDX-derived organoids are an innovative model. Xu et al
successfully created a large repository of over 550 PDX-
derived organoids, confirming their consistency with parent
PDX in terms of drug response, molecular biological fea-
tures, and genomic expression.107 The PDX-derived orga-
noid model has been widely used for drug efficacy
evaluation, targeted therapy, and the development of
biomarkers.108 PDX-derived organoid models have also been
employed to study tumor types that are relatively scarce in
preclinical models, such as salivary gland cancer.109

While organoids show great application potential in can-
cer research, they still present several challenges including
the absence of a vascular system in organoids, dependence
on culture media for nutrients, size restriction, the lack of
stromal cells (making it difficult to accurately replicate the
tumor microenvironment), uncontrollable reproducibility
and success rates, and high costs.103 In response to these
challenges, researchers are striving to develop various
innovative methods that integrate organoid models with
other cutting-edge technologies, such as organ-on-chips,
three-dimensional bioprinting, acoustic droplet printing,



Figure 3 Schematic representation of different preclinical models. PDO, patient-derived organoids; Mini PDX, mini patient-
derived xenograft; GEMM, genetically engineered mouse model; PDC, patient-derived cell cultures; CAM, chicken egg chorioal-
lantoic membrane.
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and CRISPR-Cas9 technology.103,110,111 As well, as an in vitro
culture model, organoids are not fully representative of the
actual tumor growth.99

Humanized mice

Since immunodeficient mice are usually selected as hosts
for PDX model construction, they lack an intact immune
system and have limitations in immunological studies.
Therefore, researchers developed the humanized mouse
model with a human immune system.112 It originated in the
late 1980s, and the humanized mouse model has been
widely used in tumor research and become a powerful tool
for immunotherapy research.40 Humanized mouse models
can be categorized into three main types, human periph-
eral blood mononuclear cell mouse model,109 human
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hematopoietic stem cell mouse model,110 and bone
marrow-liver-thymus mouse model.113

Humanized mice are created by transplanting human
immune cells into mice. Subsequent transgenic humaniza-
tion replaces mouse genes with corresponding human genes
for construction purposes.114 Humanized PDX models built
on the foundations of established humanized mice, then
transplanting patient-derived tumor tissues into humanized
mice.115 These models have become valuable tools for
analyzing tumor-immune system interactions and evalu-
ating immunotherapies, such as PD-1 (programmed death-
1) targeted tumor immunotherapy and drug testing.115

While PDX models can undergo multiple generations,
hematopoietic systems cannot and require frequent invasive
sampling to establish individualized humanized PDX mouse
models.113 Though these humanized models offer new ave-
nues for researching cancer treatment strategies, there are
inconsistencies in immune system reconstitution and other
technical challenges, such as uncontrollable factors like the
source and lifespan of patient hematopoietic cells.24,116 To
enhance the standardization of humanized mouse models,
researchers have proposed Minimal Information for Stan-
dardization of Humanized Mice (MISHUM) to ensure more
systematic and reproducible humanization processes.65
Genetically engineered mouse models

With the development of genetic engineering technology,
genetically engineered mouse models have been intro-
duced. These models involve the modification of mouse
genes to construct tumor models, primarily using tissue-
specific promoters to control the oncogenes expression or
tissue-specific recombinases to promote tumor suppressor
gene loss.66,117 The advantage of genetically engineered
mouse models is that they allow for tumor growth in a
mature immunological microenvironment in mice, com-
plete with a full immune system and tumor
environment.66,118

Genetically engineered mouse models can effectively
mimic the entire carcinogenesis process from precancerous
conditions to tumor development, accelerating cancer
research from a genetic perspective. The Cre-loxP system is
widely used to construct conditional genetic modification
mouse models,47 but traditional Cre-loxP systems are not
fully capable of replicating the sequential accumulation of
mutations that occur during tumor formation.117 Conse-
quently, Schönhuber et al have developed an inducible dual
recombinase system that combines Flippase-FRT and Cre-
loxP recombination techniques.119 CRISPR/Cas9 technology
has become the preferred system for modeling genetically
engineered mouse models with the ability to selectively
delete specific gene profiles.120

Nevertheless, genetically engineered mouse models
have limitations in mimicking human cancer genesis
mechanisms. One key issue is that human tumors typically
originate from the gradual accumulation of mutations in a
small subset of cells, whereas genetically engineered
mouse models influence changes in gene profiles in all
cells.66,121 Tumor growth in genetically engineered mouse
models has a longer latency period, due to incomplete
consistency in the exogenous rate of mutations, which
results in asynchronous tumorigenesis in different mice,
implying a higher time cost and economic investment.99,122

Mouse models are the most used preclinical models in
cancer research, however, due to their limitations, it is
necessary for researchers to continuously develop more
preclinical animal models to further advance the develop-
ment of oncology research.
Zebrafish PDX

In 2005, Lee et al transplanted melanoma cells into blas-
tula-stage embryos of zebrafish,123 marking the initial
confirmation of this model in cancer research. Subse-
quently, many researchers have chosen zebrafish as a new
host for PDX models.124,125 Zebrafish share 70% genetic
homology with humans, and at least one zebrafish ortho-
logue exists for 82% of human disease-causing genes.124,126

The zebrafish model, based on the age at implantation, can
be categorized into embryonic zebrafish, larval zebrafish
(most used), and adult immunodeficient zebrafish.18

Compared with mouse PDX models, zebrafish PDX
models enable complete systemic imaging on the whole
animal and visualize drug responses and metastasis at the
single-cell level.127 Zebrafish PDX models require smaller
sample sizes and are cheaper and faster to construct, pri-
marily due to their external fertilization and rapid repro-
duction and development.122

Despite these advantages, zebrafish PDX models have
some drawbacks, including instability in implantation effi-
ciency and high mortality rates.128 Additionally, differences
in pharmacodynamic responses and drug metabolism exist
between zebrafish and humans due to the zebrafish not
being mammals, making it difficult to achieve drug con-
version.128,129 Also, the typical rearing temperature for
zebrafish is 28 �Ce29 �C, but a compromise temperature of
34 �C has been identified by researchers.130
Drosophila models

Apart from zebrafish PDX models, Bangi et al developed a
genetically engineered drosophila model to screen for po-
tential colorectal cancer treatment strategies.131 About
75% of human disease genes have homologues in
drosophila.132 The advantages of the drosophila model
include easier handling and higher efficiency compared
with mouse models, allowing for the alteration of many
genes within a single tissue and the high-throughput
screening of promising anti-cancer drugs in less time,133

with a straightforward readout of efficacy and drug
toxicity.131 Additionally, current researchers have devel-
oped humanized drosophila models,134 and future studies
are expected to increasingly utilize drosophila models,
despite their complexity which currently results in variable
success rates.

Moreover, the chicken egg chorioallantoic membrane is
an alternative model to mouse PDX, used to study tumor
angiogenesis and as a model for screening anti-angiogenic
drugs.135 Due to the chicken embryo’s lacking the func-
tional immune system before 18 days, chorioallantoic
membrane models are relatively easier to establish, but
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have shorter observation periods and are not well suited for
studying tumor metastasis.135,136

As cancer research advances, some large animal cancer
models have provided new platforms for researchers,
addressing some of the limitations in small animal models,
such as difficulty in performing complex surgical proced-
ures.101 For instance, dog and pig animal models are more
similar to human genomic profiles, anatomical structures,
and physiological functions.134,137 Ressel and colleagues
found a loss of PTEN protein expression in both canine
mammary cancer and human breast cancer.138 Researchers
have developed a Cre-inducible Cas9 expression gene-edi-
ted pig,139 and thereafter, Jin et al constructed a doxycy-
cline-induced SpCas9 expression pig model,140 providing
powerful tools for in vivo or ex vivo genome and epigenome
editing in cancer research. Furthermore, Tu et al estab-
lished a new model for pancreatic ductal adenocarcinoma
in tree shrews.141

The development of new preclinical experimental plat-
forms has undoubtedly provided a new direction for cancer
research. It is evident that although each preclinical model
has its advantages, it inevitably possesses certain limita-
tions as well.
Applications of PDX models in various types of
cancer

The National Cancer Institute (NCI) has recommended PDX
models to replace NCI-60 (Human Tumor Cell Lines) as a
better model for drug screening.142 PDX model has been
increasingly recognized as a more reliable preclinical
platform and has been used in multiple research areas for a
variety of tumor types. In the following, we review the
Figure 4 PDX models have been appli
diverse applications of PDX models as preclinical models in
various types of cancer (Fig. 4).
Lung cancer

Lung cancer originates from the bronchial mucosa or lung
parenchyma, is a common, highly heterogeneous, and high-
mortality type of malignant tumor, and remains the leading
cause of cancer death globally.1,143 PDX models have been
widely used for more accurate assessment of drug efficacy
and drug screening, providing more personalized treatment
options for lung cancer patients. Additionally, researchers
have coupled PDX with CRISPR-Cas9 in the field of molec-
ular targeted cancer therapy, demonstrating that pharma-
cological inhibition of the deubiquitinase USP7 can re-
sensitize to chemotherapy in small cell lung cancer.144

There have been new constructions for lung cancer PDX, for
example, Wang et al established a genetically edited lung
cancer pig model,139 and Ali et al developed a combined
mouse-zebrafish PDX platform for non-small cell lung
cancer.145
Gastrointestinal cancers

Gastrointestinal cancers are the most common type of
cancer in the world and the disease with the highest
morbidity and mortality rates.146 As more new technologies
are being developed, the treatment of gastrointestinal tu-
mors has significantly progressed, yet the need for precise
treatment of most cancer patients has not been met,
mainly due to insufficient and misleading preclinical
data.147,148 Therefore, the PDX model has become a more
ed to multiple human cancer types.
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reliable preclinical platform for gastrointestinal tumors due
to its unique advantages.

Primary liver cancer is one of the sixth most common
cancers in the world and can be histologically divided into
hepatocellular carcinoma and intrahepatic chol-
angiocarcinoma.3,6 The hepatocellular carcinoma PDX
model first came into the public in 1996.149 Afterward, PDX
modeling has been widely used in liver cancer research,
such as mechanism study and target prediction. A recent
study that combined several preclinical models for hepa-
tocellular carcinoma (tumor cell lines, cell line-derived
xenograft, PDX, and patient-derived organoid) confirmed
that diclofenac exerted anti-hepatocellular carcinoma ef-
fects by inhibiting NMT1 (N-myristoyl transferase 1)-medi-
ated myristoylation of the VILIP3 protein.150 This finding
suggests diclofenac as a potential novel anti-cancer drug
and NMT1 as a possible therapeutic target for hepatocel-
lular carcinoma.150 Intrahepatic cholangiocarcinoma
research also benefits from PDX models, for instance,
Huang et al used an intrahepatic cholangiocarcinoma PDX
model to confirm the oncogenic role of YTHDF2 (YTH
domain-containing family protein 2) and its contribution to
cisplatin treatment desensitization.151 Furthermore, pedi-
atric hepatocellular carcinoma is a rare but extremely low-
survival tumor type in young children with some degree of
differentiation from adult cancers, and the majority of
pediatric liver cancer research has relied on single cancer
cell lines, lacking preclinical animal models capable of
precisely capturing their heterogeneity and metastatic
potential. To address this gap, Bissig-Choisat et al estab-
lished PDX models for pediatric liver cancer (including
hepatoblastoma and hepatocellular carcinoma).152

Gastric cancer has a poor prognosis, ranking fifth glob-
ally in incidence and fourth in mortality with most gastric
cancers diagnosed late.149 Ma et al developed two high-
affinity and high-specificity human CDH17 nanobodies (A1
and E8), which showed significant anti-tumor effects in
gastric cancer PDX (including mouse PDX and zebrafish PDX)
when fused with imaging probes and toxins PE38,153 offer-
ing a promising new imaging modality and clinical trans-
lational therapy for gastric cancer treatment. Moreover,
the construction of gastric cancer metastasis models has
been a challenge in gastric cancer research, for which,
some researchers have developed various gastric cancer
metastasis models and new techniques and methods.154,155

Colorectal cancer is the third most common malignancy
worldwide, affecting both men and women equally. The
PDX implantation success rate for colorectal cancer is
high.56 PDX models have shown significant value in identi-
fying therapeutic targets for colorectal cancer treatment.
Zheng et al illustrated the mechanisms of the PTEN-
generated circRNA circPTEN1 in colorectal cancer metas-
tasis,156 and Zeng et al revealed the regulatory role of circ-
YAP-encoded oncoprotein YAP-220aa in patients with
colorectal cancer with liver metastasis.157 Colorectal can-
cer PDXs have also been applied in various fields such as
metabolic reprogramming epigenetics,158 drug
screening,159 assessing drug resistance,160 and microbe-
host relationships.161 These findings offer new perspectives
for colorectal cancer treatment.

Esophageal cancer is classified into esophageal squa-
mous cell carcinoma and esophageal adenocarcinoma
based on their different cellular origins.27 Since early
diagnosis of esophageal cancer poses a consistent challenge
in clinical settings, screening for predictive biomarkers in
esophageal cancer is essential for identifying early-stage
esophageal cancer patients and implementing effective
treatment strategies. Chu et al identified that TIGAR (TP53-
induced glycolysis and apoptosis regulator) may be a pre-
dictive biomarker to guide esophageal squamous cell car-
cinoma treatment strategies in esophageal squamous cell
carcinoma PDX.162 Another study highlighted the potential
of NQO1 (NAD(P)H quinone dehydrogenase 1) as a
biomarker for esophageal squamous cell carcinoma.163

According to global cancer statistics, the number of
deaths from pancreatic cancer almost equals the number of
cases.164 Pancreatic ductal adenocarcinoma, the most
common type of pancreatic cancer, has an extremely poor
prognosis and frequently metastasizes to the liver, perito-
neum, and lungs.150 Currently, PDXs are extensively used in
pre-clinical research for pancreatic ductal adenocarci-
noma. Moreover, Stossel et al investigated the novel hu-
manized germline BRCA-associated pancreatic ductal
adenocarcinoma PDX in predicting therapeutic
responses.165

Breast cancer

In 1903, researchers first successfully established a trans-
plant model for breast cancer cell lines. A century later, in
2003, the effective modeling of human tumor tissue was
realized by the implantation of immunodeficient mice.166

Currently, PDX models are applied in diverse breast cancer
research efforts. Additionally, researchers are combining
breast cancer PDX models with PDX-derived organoids to
assess drug efficacy, resistance, and combined clinical
treatments.167 These include evaluating the therapeutic
effects of CDK4/6 (cyclin-dependent kinase 4/6) inhibitors
combined with endocrine therapy168 and testing the regu-
latory and anti-tumor effects of DOT1L (disruptor of telo-
meric silencing-1-like) inhibitors on triple-negative breast
cancer stem cells in triple-negative breast cancer PDX and
PDX-derived organoid.169

Gynecologic tumors

Gynecologic tumors are complex in type, and although the
available treatment strategies continue to improve
(including aggressive surgical treatments and platinum-
based chemotherapy),170 patient survival remains low due
to the presence of chemotherapy resistance and risks
associated with tumor recurrence during the treatment
process.

Ovarian cancer is considered the deadliest among gy-
necological cancers. Despite initial responsiveness to plat-
inum-based therapies, many patients are at risk for
recurrence or development of resistance to treatment,
especially in cases of high-grade serous ovarian can-
cer.52,171 Whether as a monotherapy or in combination with
chemotherapy, PARP (poly ADP-ribose polymerase) in-
hibitors have shown great therapeutic potential in the
treatment of ovarian cancer.172 However, PARP inhibitors
and platinum resistance are also major clinical challenges
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in ovarian cancer.173 Zhou et al used the PDX model and
discovered that the antibiotic novobiocin could be used
alone or in combination with PARP inhibitor for homologous
recombination-deficient breast or ovarian cancer.174 Sub-
sequent new studies have confirmed that mifepristone
enhanced ovarian cancer treatment response and overcame
(PARP inhibitor) olaparib resistance by targeting polyploid
giant cancer cells.175 Other studies have identified new
therapeutic targets for ovarian cancer that may address
resistance to platinum agents or PARP inhibitors, such as
phosphoglycerate dehydrogenase (PHGDH)173 and master
regulators of mitochondria (PGC1a/b).176

Cervical cancer is a common malignancy among women,
despite various preventive measures available, such as the
human papillomavirus vaccine, early screening, and treat-
ment options, the outcomes for metastatic or recurrent
cervical cancer remain suboptimal.52,164 Furthermore,
some preventive measures have not been equitably imple-
mented worldwide. Currently, studies have been conducted
to generalize the available cervical cancer PDX models to
identify the most appropriate methods for constructing
cervical cancer PDX and to better use them for subsequent
preclinical studies.177 For example, Liu et al constructed
the largest cervical cancer PDX biobank to date and
assessed the combined effect of neratinib and adoptive cell
therapy on patients with HER2 (human epidermal growth
factor receptor 2)-mutated cervical cancer.178

Further, there are rarer types of female cancers such as
vulvar and vaginal cancers,170 which often exhibit unique
molecular features and require further development of new
effective targets.

Pediatric solid tumors

Research into pediatric malignancies has revealed the
heterogeneity and molecular changes that set children’s
solid tumors apart, which account for 60% of all pediatric
cancers. Unlike adult cancers, children’s cancers necessi-
tate the development of specialized diagnostic and treat-
ment approaches.179

Neuroblastoma, originating in the developing periph-
eral sympathetic nervous system, is a common solid tumor
in infants and early childhood.180 An early attempt at
neuroblastoma xenograft modeling was conducted by
Tsuchida et al in 1984, who transplanted human neuro-
blastoma into nude mice to assess the effects of chemo-
therapy drugs and surgical treatment on tumor growth and
viability.181 High-risk neuroblastoma accounts for about
15% of all pediatric cancer deaths,182 and MYCN oncogene
amplification is present in over 30% of high-risk neuro-
blastomas.183 Since neuroblastomas are often associated
with genomic mutations, the genetically engineered
mouse model shows great potential in neuroblastomas,
whereas the PDX model incorporates more complexities
and is better suited for personalized treatment.184

Therefore, a study has used in vitro (tumor cell lines,
patient-derived cell cultures) and in vivo (genetically
engineered mouse models and PDXs) neuroblastoma
models to assess the treatment efficacy of combining the
ALK (anaplastic lymphoma kinase) inhibitor lorlatinib with
the MDM2 (murine double minute clone 2) inhibitor (ida-
sanutlin) for ALK-aberrant neuroblastoma.185

Osteosarcoma is a rare and highly aggressive mesen-
chymal malignant primary bone tumor, accounting for less
than 0.2% of all malignancies.94 Pascual-Pasto et al con-
structed PDX models of Ewing sarcoma, rhabdomyosar-
coma, and osteosarcoma and found that pediatric solid
tumors expressing SPARC (secreted protein acidic and
cysteine-rich) accumulated albumin-bound paclitaxel over
an extended period.186 Chen et al developed a nano-
particle, TGIC-CA (TC), and found that combining TC/miR-
22 with volasertib synergistically inhibited the PI3K (phos-
phoinositide 3-kinase)/Akt (protein kinase B) signaling
pathway for anti-osteosarcoma effects.187 These findings
demonstrate the significant relevance and value of PDX
models in pediatric solid tumor research, providing preci-
sion treatment guidance even in rare tumors such as
osteosarcoma.188

Prostate cancer

Prostate cancer is the second most common malignancy in
men.164 Various preclinical prostate cancer cell line models
have been developed to elucidate the complex therapeutic
mechanisms in prostate cancer.189 However, nowadays, PDX
models are increasingly used in prostate cancer research as
an alternative to or in conjunction with two-dimensional
cell culture models.190 To further optimize treatment
strategies for prostate cancer research, researchers have
also developed an MDA prostate cancer PDX model that
effectively captures the clinical features of prostate can-
cer.191 Researchers have so far created numerous prostate
cancer PDX models for practical prostate cancer research,
for instance, predictive therapeutic targets,192 targeted
therapy,193 and immunotherapy.194

Bladder cancer

Bladder cancer is the tenth most common cancer world-
wide, but the sixth most common cancer in men, as the
incidence and mortality rates are four times higher in men
than in women.164 Many researchers have established
bladder cancer PDX models for tumor drug screening195 and
the effects of drug combinations.196 Moreover, lymphatic
metastasis is positively associated with poor prognosis in
bladder cancer patients. An et al described the regulatory
role of a novel intron-retaining circNCOR1 in bladder cancer
lymph node metastasis,197 and another study confirmed the
mechanism of action of HSF1 (heat shock factor 1) in
bladder cancer lymphatic metastasis.198

As a key player in preclinical models, the PDX model
provides an excellent platform for better understanding
tumorigenesis, progression, and metastasis mechanisms,
developing potential drug therapeutic targets, drug
screening, designing personalized treatment regimens, and
clinical combination therapy (Table 3). Besides the cancer
types mentioned above, PDX models are also used for head
and neck cancer,199 renal cell carcinoma,200 gliomas,201

etc.



Table 3 Potential therapeutic agents and their targets in different cancer types in PDX models.

Tumor type Animal strain Implantation site Gene target Drug Application Reference

Lung cancer EGFR-mutant
NSCLC

NSG mice Subcutaneous,
subrenal capsule

HER3 Osimertinib,
HER3-DXd

Evaluation of
combination therapy
with osimertinib and
HER3-DXd

Haikala et al202

SCLC NSG mice Subcutaneous UBA1 TAK-243 Evaluation of TAK-243 as
mono- and combination
therapy in SCLC

Majeed et al203

Gastric cancer Balb/c-nu mice Subcutaneous JAK2, STAT3 CYT997 Confirmation that
CYT997 may be a
potential anti-tumor
drug

Cao et al204

NOD/SCID mice Subcutaneous CCAT5 si-CCAT5, oxaliplatin Uncovering the
mechanism of STAT3
signaling regulated by
wnt signaling

Liu et al.205

Colorectal
cancer

NOD/SCID mice Subcutaneous PIM1, FGFR1 HCI-48 Describing the anti-
tumor effects of HCI-48
on the dual targeting of
PIM1 and FGFR1

Yin et al206

NOD/SCID mice Subcutaneous GART Pemetrexed Evidence for the function
of GART and the role of
the GART/RUVBL1/b-
catenin signaling axis in
promoting colorectal
cancer stemness

Tang et al207

Esophageal
carcinoma

ESCC NOD/SCID mice Subcutaneous eEF2 Toosendanin Revealed eEF2 as a
potential therapeutic
target for ESCC

Jia et al208

Liver cancer Hepatoblastoma Nude mice Subcutaneous ALCD Olaparib Explained the regulatory
mechanism of ALCD in
hepatoblastoma

Johnston et al209

HCC NOD/SCID mice Liver cDCBLD2, TOP2A Sorafenib Provides a potential
strategy for targeting
cDCBLD2 or TOP2A to
overcome sorafenib
resistance in patients
with HCC

Ruan et al210

(continued on next page)
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Table 3 (continued )

Tumor type Animal strain Implantation site Gene target Drug Application Reference

Pancreatic
cancer

PDAC Balb/c-nu mice Orthotopic,
intrasplenic

CD73 Diclofenac Diclofenac may be an
effective treatment for
metastatic PDAC

Liu et al211

Breast cancer Breast cancer NSG mice Mammarian fat pad FGFRs AZD4547, BLU9931 The potential of specific
FGFRs as precision
therapeutic targets was
identified

Chew et al212

ER-negative
postmenopausal
breast cancer

NSG mice Mammarian fat pad RANK Denosumab RANK protein expression
is an independent
biomarker of poor
prognosis in patients
with estrogen receptor-
negative
postmenopausal breast
cancer

Ciscar et al213

Ovarian
cancer

HGSOC NOD/SCID mice Subcutaneous IGFBP2 Gold nanoparticles Reported key signaling
axes for gold
nanoparticles’
therapeutic role

Hossen et al214

TP53 mutant
ovarian cancer

Nude mice Subcutaneous IRE1a AZD1775 Mechanism of UPR
signaling network IRE1a
in TP53 mutant ovarian
cancer

Xiao et al215

Cervical
cancer

Cervical cancer NOD/SCID mice Subcutaneous ZNF275 Triciribine, cisplatin ZNF275 is revealed to be
a potential predictor of
cervical cancer
treatment

Ye et al216

Neuroblastoma High-risk
neuroblastoma

NMRI nude mice,
NSG mice

Subcutaneous,
adrenal glands

KSP ARRY-520 KSP inhibition may be a
promising treatment
strategy for
neuroblastoma

Hansson et al217

Osteosarcoma Chemotherapy-
resistant and
metastatic
osteosarcoma

NSG mice Subcutaneous b-catenin/ALDH1 Tegavivint Evaluate tegavivint in
chemotherapy-resistant
and metastatic
osteosarcoma in
chemotherapy-resistant
and metastatic
osteosarcoma

Nomura et al218
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Prostate
cancer

NEPC SCID mice Subcutaneous MYCN, CDK5, RB1, E2F1 Enzalutamide,
olaparib, dinaciclib

Elucidating the
mechanism of action for
PARP inhibition in the
treatment of NEPC

Liu et al219

Bladder cancer NSG mice Subcutaneous ErbB3 Seribantumab ErbB3 phosphorylation
may be a potential
therapeutic strategy for
bladder cancer

Steele et al220

Renal cell carcinoma NSG mice Subcutaneous ERK Cabozantinib,
sapanisertib

The potential of the
combination therapeutic
approach of
cabozantinib and
sapanisertib was
emphasized

Wu et al221

HNC HNSCC Nude mice Subcutaneous RAC1, RAC3 EHOP-016,
cetuximab

Uncovering biomarkers
and mechanisms to
overcome acquired
cetuximab resistance

Yao et al222

Gliomas Glioblastoma Balb/c-nu mice Mouse brain PTRF Temozolomide Revealed PTRF as a
biomarker for the
prognosis of glioblastoma
patients after
temozolomide treatment

Yang et al223

Note: ESCC, esophageal squamous cell carcinoma; SCLC, small cell lung cancer; HCC, hepatocellular carcinoma; PDAC, pancreatic ductal adenocarcinoma; HGSOC, high-grade serous
ovarian cancer; IGFBP2, insulin growth factor binding protein 2; IRE1a, inositol-required enzyme 1a; NEPC, neuroendocrine prostate cancer; HNC, head and neck cancer; HNSCC, head and
neck squamous cell carcinomas; HER3, human epidermal growth factor receptor 3; UBA1, ubiquitin-like modifier activating enzyme 1; Jak2, Janus kinase 2; STAT3, signal transducer and
activator of transcription 3; CCAT5, colon cancer-associated transcript 5; FGFR1, fibroblast growth factor receptor 1; PIM1, moloney-murine leukemia 1; GART, glycinamide ribonucleotide
transformylase; RUVBL1, RuvB like AAA ATPase 1; eEF2, eukaryotic elongation factor-2; AICD, amyloid precursor protein intra-cellular domain; TOP2A, type IIA topoisomerase; DCBLD2,
discoidin, CUB, and LCCL domain-containing protein 2; CD73, cluster of differentiation 73; RANK, receptor activator of nuclear factor-kB; ZNF275, zinc finger protein 275; KSP, kidney-
specific cadherin; ALDH1, aldehyde dehydrogenase 1; CDK5, cyclin-dependent kinase 5; RB1, retinoblastoma protein 1; E2F1, E2F transcription factor 1; ERBB3, Erb-b2 receptor tyrosine
kinase 3; ERK, extracellular signal-regulated kinase; RAC1/3, Ras-related C3 botulinum toxin substrate 1/3; PTRF, polymerase I and transcript release factor.
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Discussion

Construction and selection for preclinical models are
crucial in cancer research, the most classical and widely
used are tumor cell line models. However, single-cell line
models have limitations in cell types and difficulty in
generalizing the original tumor’s three-dimensional spatial
organization. Under this background, researchers have
developed xenografted in vivo animal models, namely cell
line-derived xenograft and PDX models. The establishment
of more complex in vivo animal models marks an advanced
step in cancer research that overcomes the limitations of
traditional two-dimensional culture. Especially the PDX
model not only faithfully summarizes key features under-
lying the original tumors but also demonstrates immense
potential in the development of anti-cancer drugs, clinical
combination therapy, and designing personalized treatment
strategies.

Mouse models, as the preferred animal model and
research hotspot, have an unshakeable importance in cancer
research history. To accommodate different research fields,
scientists have developed various mouse strains. However,
the construction of a PDX model is a complex process influ-
enced by numerous factors, and slight variations at any step
can significantly affect the eventual success of the model.
Therefore, researchers must understand these variables
deeply, draw continuously from existing experiences, renew
technologies, and accumulate knowledge to optimize the
model construction process and improve its success rate.
While PDX models have been recognized as one of the most
reliable preclinical models due to their excellent perfor-
mance in the cancer field, it is also important to realize the
limitations of the PDX model to achieve its optimal applica-
tion and to develop a modeling platform more suitable for
future cancer research.

The cultivation period for PDX models is relatively long
and not applicable to mediumehigh throughput drug
screening. To resolve these problems, scientists developed
patient-derived organoid models, PDX-derived organoid
models, and PDX cell models, which facilitate faster model
construction and effectively recapitulate the molecular
characteristics and drug responses of the original tumors.
Furthermore, MiniPDX provides a faster way to achieve drug
sensitivity assays. New animal models are emerging that
offer more new possibilities and research platforms for
cancer research. With the rapid development of genetic
engineering technologies, genetically engineered mouse
models and drosophila models are widely used in cancer
research. Researchers developed a humanized PDX model
based on humanized mice that could better simulate in-
teractions between the tumor microenvironment and the
immune system. Beyond mouse models, alternative models
such as drosophila PDXs, zebrafish PDXs, chorioallantoic
membrane PDXs, and large animal models including ca-
nines, pigs, and tree shrews, are becoming potential sub-
stitutes for mouse models.

Researchers are combining PDX models by actively uti-
lizing new technologies such as TRANSACT (a computational
framework that helps construct drug response predictors
that robustly transfer from preclinical models to human
tumors),224 DRAP (the first integrated toolbox for drug
response analysis and visualization tailored for PDX plat-
form),225 next-generation sequencing, fluorescence-acti-
vated cell sorting, genomics, and multi-omics,40 to
optimize the construction of PDX models and better trans-
late preclinical data for clinical use. Furthermore, new
methods have been employed to standardize and evaluate
the fidelity of different model types, such as PDX-MI, MIS-
HUM, and CancerCellNet (CCN).5 Moreover, PDX models
have demonstrated their value in research for various
tumor types. Despite demonstrating significant potential in
cancer research, PDX models have yet to achieve wide-
spread breakthroughs in clinical practice. To facilitate the
deeper development of PDX models, future research efforts
should focus on several key aspects: optimizing the PDX
modeling process, carefully selecting and validating animal
models, developing biomarkers for predicting drug efficacy
effectively, and exploring the combined application of new
technological approaches, etc. These efforts aim to further
improve the efficiency of preclinical data translation.
Meanwhile, it is crucial to promote global data sharing and
standardization of PDX models, which will greatly enhance
the reliability and validity of its clinical application.
Currently, PDX models are still under continuous refine-
ment, but without a doubt, it offers a broad prospect as a
highly promising preclinical experimental platform for the
realization of precise and personalized cancer treatment.
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