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Preface

Although successes have been achieved in cancer treatment, more effective thera-
pies, specifically targeting molecular alterations that drive carcinogenesis and tumor 
progression, are urgently needed. In developing anticancer therapeutics, reliable 
cancer models for testing the efficacies of potential drugs are of paramount impor-
tance. Cultures of human cancer cells and cell line-based xenograft rodent models, 
which were commonly used in the past decades for drug screening, proved to be 
inadequate as they led to severe discrepancies between preclinical and clinical drug 
efficacies. Consequently, clinically more relevant cancer models, closely mimick-
ing the cancer patient’s clinical condition and response to treatment, are of critical 
importance to the development of superior anticancer therapeutics and regimens in 
the fight against the disease.

In the last decade, it was recognized that the structure and microenvironment of 
tumors are important factors influencing the growth and development of cancers. 
Efforts have therefore been made to devise cancer models in which these elements 
are preserved as much as possible. This led to the development of patient-derived 
xenograft (PDX) models of various cancer types, based on direct implantation of 
patients’ cancer tissues into immunodeficient mouse hosts. The PDXs have been 
found to retain major genetic and histopathological characteristics of the original 
malignancies, including tumor heterogeneity and tumor tissue architecture. They 
therefore resemble patients’ malignancies more closely than cancer models based 
on grafting of suspended cultured cancer cells and have been shown to be useful for 
studies of development of metastatic ability and therapy resistance, preclinical drug 
efficacy testing, development of personalized cancer therapy regimens, identifica-
tion of potential biomarkers, and prediction of patient outcomes. They are expected 
to play an increasingly important role in translational cancer research.

As there have been major advances in the development and application of PDX 
cancer models, this book has been written to provide a concise yet comprehensive 
summary of the current status of the field and is aimed at guiding preclinical and 
possibly clinical applications, as well as stimulating investigative efforts. 
Accordingly, this book consists of four parts. The first part (Chap. 1) reviews the 
history of PDX models; the second part (Chaps. 2–4) focuses on the methodology 
used to establish models and their characterization; the third part (Chaps. 5–12) 
discusses applications of PDX models, including their use in studies of cancer het-
erogeneity, cancer stem cells, cancer metastasis, drug resistance, biomarker 
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development, preclinical drug screening, and personalized cancer therapy; the 
fourth part (Chap. 13) discusses the limitations of PDX models and future 
directions.

We, at the Living Tumor Laboratory (www.livingtumorlab.com), hope that this 
book will serve as a useful resource for researchers and clinicians dealing with, or 
interested in, the use of PDX models in cancer research. We expect that this book 
will propagate innovative concepts and prompt the development of groundbreaking 
technological solutions in the field.

Finally, we very much appreciate the contributions of our coauthors. This book 
could not have become a reality without their expertise, hard work, and unselfish 
input. Special thanks also go to Colton Coreschi, Hruska Richard, and Dhanapal 
Palanisamy at Springer for organizing and coordinating the efforts that led to the 
final publication.

Vancouver, Canada� Yuzhuo Wang, Ph.D.  
� Dong Lin, M.D., Ph.D.  
� Peter W. Gout, Ph.D. 

Preface
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http://www.livingtumorlab.com
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1Patient-Derived Tumor Xenografts: 
Historical Background

Dong Lin, Xinya Wang, Peter W. Gout, and Yuzhuo Wang

Abbreviations

NOD	 Non-obese diabetic
PDX	 Patient-derived xenograft
SCID	 Severe combined immunodeficiency

�A Point on Terminology

Given the extensive history of cancer, the history of patient-derived xenograft 
(PDX) models is also difficult to fully recapitulate. In particular, this task is compli-
cated by the irregularity with which PDX models were designated. The current use 
of “PDX cancer models” is a relatively recent addition to the lexicon. However, the 
general concept of PDX models—i.e., the transplantation of human cancers into 
animal models—can be found throughout the chronicles of cancer research. 
However, it wasn’t until the discovery of host immunity and its crucial role in graft 
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survival that the idea of serial transplantation could be realized. Therefore, in order 
to better reflect the nature of its history, the term “human tumor models” will be 
used in place of “PDX models,” except when appropriate. Finally, it is important to 
also mention the existence of the other labels that have been used, including, but not 
limited to, “human tumor xenografts,” “xenopatients,” “heterotransplant tumor 
models,” “heterotransplanted human tumors,” and “transplantable tumor models.”

�A Brief Historical Context

Concurrent with the initial observation of cancer emerged a need to recapitulate tumors 
for further observation and experimentation. The idea of what is now known to be a 
PDX tumor model is composed of two general concepts: “xenotransplantation” (i.e., the 
transplantation of tissue into a foreign species) and the general use of animals for medi-
cal research. Although PDX technology may seem to be a more recent innovation, reca-
pitulating a human cancer within an animal model has been a long-standing goal of 
cancer research. Such attempts at producing a human cancer model have been underway 
for centuries, beginning with the first recorded experiment in 1775 by the French sur-
geon Peyrilhe, who injected extracts of a human breast cancer into a dog [1]. Although 
Peyrilhe’s experiment ultimately failed (“At length my maid, disgusted by the stench of 
the ulcer, and softened by the cries of the animal, put an end to his life, and thus pre-
vented my observing the ultimate effects of this disease”), similar efforts to transplant 
human tumors into various animal models have since been continuously in progress.

�Early Attempts

In an effort to learn about the origin of cancer, early scientists attempted to induce 
spontaneous tumor formation by a method termed “cancer genesis.” They employed 
a variety of methods to “irritate” or “misplace” cells, with the ultimate goal of gen-
erating cancers in otherwise healthy tissue [1]. Although the majority of these 
experiments ended in failure, these attempts eventually culminated in the successful 
transplantation of human cancer into animals [2].

Following Peyrilhe’s attempt in 1775, pioneering oncologists began to conduct 
experiments in order to determine the transmissibility of cancer. These experiments 
were largely motivated by a sense of curiosity, in that scientists were initially inter-
ested in transplanting cancers into animals for purposes of observing the pathology of 
this otherwise unknown disease. However, more than a century was to pass before a 
consistent method of tumor transplantation could be achieved. Among the many ini-
tial attempts were those made by Dupuytren, Langenbeck, and Lebert and Follin. In 
1807, Dupuytren attempted a variety of methods in order to transplant a human cancer 
into an animal, including “[feeding] animals with cancerous material, [introducing] it 
into the abdomen, [injecting] cancer juice into the peritoneal cavity and the veins, and 
[inoculating] the pus of an ulcerated cancer” [1]. In 1840, Langenbeck attempted a 
similar method by injecting a dog with fluid from a human medullary carcinoma of 
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the humerus. However, in Langenbeck’s case, several round nodules were found in the 
lung 2 months following the inoculation [1]. Then, in 1851, Lebert and Follin injected 
emulsified mammary cancer into the jugular vein of a dog. Although the animal died 
15 days later, the autopsy found nodules along the wall of the heart [1]. Unfortunately, 
in both cases, it was unknown whether the observed nodules had occurred as a direct 
result of successful tumor engraftment or was due to spontaneous tumor formation. 
With regard to Langenbeck’s experiment, the pathologist Virchow had observed the 
nodules to more closely resemble spontaneous cancer of dog rather than human origin 
[1, 3]. From there, scientists began to slowly make incremental advancements toward 
the generation of human cancer models. Of particular note, in 1938, Greene reported 
the successful engraftment of human uterine adenoma and adenocarcinoma in rabbits, 
which was then serially transplanted for several subsequent generations [4]. 
Furthermore, Greene later followed with the successful transplantation of human 
tumors into the eye of a guinea pig, rabbit, and mouse [4–8].

Concurrent with attempts to transplant human cancers, scientists also began to 
examine the morphology of the graft and surrounding tissue. In 1890, Klebs studied 
fragments of a human carcinoma engrafted into the peritoneal cavities of white rats 
and found the epithelial constituents of the original graft to have disappeared by the 
third day following engraftment [1, 3]. Jensen also monitored the outcome of trans-
planted tumors and observed stromal changes and the disappearance of connective 
tissue cells within the central region of the original graft [1]. Additionally, Jensen 
reported the formation of many blood vessels and the appearance of fibroblasts 
around the tumor and within the margin [1].

Finally, scientists looked toward refining the transplantation technique and 
streamlining the procedure. In order to do so, a variety of factors were taken into 
evaluation, including engraftment technique, dosage (e.g., type and origin of the 
inoculate, frequency, and location), site of engraftment, and environmental condi-
tions (e.g., temperature and environment). Furthermore, many experiments were 
also conducted in order to examine transplantation efficiency in different hosts, by 
implanting tumors into rats, the cheek pouch of hamsters, dogs, and chicken 
embryos [1, 9–13].

In 1912, Murphy reported the successful serial growth of the Jensen rat sarcoma 
in a chicken embryo [5, 14, 15]. However, much to his surprise, attempts to further 
propagate the tumor into adult chickens were not found to be similarly successful. 
With regard to this differential transplantation success between the chick embryo 
and the adult chicken, Murphy hypothesized that “[the embryo] either provides a 
food substance utilizable by these tissues, which is lacking in the adult, or else lacks 
a defensive mechanism against such an invasion, which is possessed by the adult” 
[16]. Although we now know the reason to be the latter (i.e., host immunity), this 
experiment (alongside several others—including another of Murphy’s involving the 
transplant of Rous chicken sarcoma into a chicken embryo) had several important 
implications [16]. Most importantly, these observations helped to guide researchers 
toward careful considerations of the animal host. Namely, questions arose that 
would later crystallize into (and/or were resolved by) theories regarding host immu-
nity and graft rejection.

1  Patient-Derived Tumor Xenografts: Historical Background
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One scientist in particular, who made significant contributions toward the 
development of human tumor models (and ultimately PDX models), was Dr. 
Helene Wallace Toolan. From the Sloan-Kettering Institute for Cancer Research, 
Toolan was highly prolific during the 1950s in her research into the transplanta-
tion of human tumors into laboratory animals, particularly with regards to meth-
odology and technique. Most significantly, in 1951, on the basis of the results 
from Murphy [16], Toolan devised a protocol for the irradiation of rats and mice 
prior to transplantation [17]. Observing positive evidence of successful engraft-
ment, Toolan proceeded to successfully transfer the tumors for several genera-
tions using X-irradiated and/or cortisone-treated rats and hamsters [18]. Ninety 
out of the 101 human tumors were reported to successfully survive and proliferate 
in the treated hosts, thus demonstrating the feasibility and efficacy of Toolan’s 
method [14, 18, 19].

By addressing the observations and speculations of Murphy, Toolan had effec-
tively demonstrated the essential role of host immunity in transplantation success. 
Accordingly, the use of chicken embryos and the cheek pouch of hamsters (an 
immunologically privileged site) was beneficial in the sense that the pretreatment of 
conditioning agents was not necessary [2]. However, a comparative study examin-
ing the transplantation of human tumors into animals and eggs and as a tissue cul-
ture demonstrated the conditioned animal to be the most effective host for 
establishing and maintaining tumor growth [20]. According to the study, certain 
characteristics (such as the rate of growth) can vary depending on the medium in 
which the human tumors are grown. For example, the human epidermoid carcinoma 
designated H.  Ep. #3 was reported to be highly virulent and metastatic when 
implanted into the animal or onto the egg but was observed to be “delicate” in tissue 
culture [20]. Conversely, H. Ep. #1 and H. Ep. #2 were found to grow relatively 
slowly within the conditioned hamster or rat, or on the egg, but grew in “gallon lots” 
as a tissue culture. However, when transplanted back from the tissue culture into an 
animal host, the cancers were found to revert back to a slower and more indolent 
pace of proliferation [20].

Despite the documented success of using a conditioned animal host for the 
transplantation of human tumors, there were several caveats to preclude their con-
tinued use. For the most part, this was due to a shift in the intended application of 
human tumor models. As society’s knowledge and understanding of cancer pro-
gressed, scientists began to consider the possibility of using human tumor models 
as a platform for screening possible anticancer agents. As a result, the precondi-
tioning of animal hosts did not provide the ideal experimental conditions. Palm 
et  al. emphasized the importance of minimizing the influence of conditioning 
agents from the experimental design and cautioned against possible “ambiguous 
and/or misleading information” resulting from the conditioning agents rather than 
the experimental agent [21]. Furthermore, Palm et  al. expressed concerns with 
regards to “spurious antitumor effects caused by less than optimum host condi-
tioning,” which he thought would conceal and/or dilute the effects of the potential 
therapeutic agents. Thus, it became imperative to find an alternate method of sub-
duing host immunity.

D. Lin et al.
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For the most part, in the initial years following the first successful transplantation 
of human tumors into laboratory animals, mice were largely neglected as hosts in 
favor of rats and hamsters. However, the rationale for the use of mice as experimen-
tal models had existed since the 1900s. According to Woglom, the use of mice was 
motivated by “the ease with which [mice] can be procured and the cheapness and 
facility with which they can be can kept under observation.” Furthermore, Woglom 
asserted that the “subcutaneous location of its tumors [makes] for early and ready 
recognition” [1]. Therefore, by acknowledging and recognizing the benefits associ-
ated with mouse models, Gallily and Woolley looked toward the production of 
mouse-grown human tumor models for the evaluation of “anticancer drugs, chemi-
cals, and regimes” [4]. These models were produced via the serial transfer of H. Ep. 
#3 into treated and/or conditioned mice. Additionally, Gallily and Woolley investi-
gated the heterotransplantability of the H. Ep. #3 tumor by testing different inocula-
tion sites, which included subcutaneous, intramuscular, and intraperitoneal sites. As 
a result, the experiments conducted by Gallily and Woolley formed an important 
component of early efforts toward producing what would eventually be recognized 
as a PDX collection.

�Establishing PDX Cancer Models Using Immune-Deficient Mice

However, the early success rate of PDX establishment is extremely low, which is 
largely due to the rejection of grafts by the host immune system. Although some 
methods such as X-ray irradiation and thymectomy have been used to suppress the 
host immune system [22–24], advances in the development of PDXs largely bene-
fited from the generation of immune-deficient hosts (mice).

The first breakthrough was the development of nude mice. In 1962, Isaacson and 
Cattanach were the first to report a mutant mouse (BALB/c nu/nu) suitable for xeno-
grafting of human cancer tissue [25]. These mice have the Foxn1 mutation, are 
athymic, and therefore lack the functional T cells [26]. However, natural killer (NK) 
cell activity is slightly increased, and the humoral antibody response system is only 
partially impaired in these mice. A number of PDX cancer models were established 
by grafting various types of cancer tissues into nude mice [24, 27, 28]. Nude mice 
are still commonly used as hosts for xenotransplantation of human tumors. Although 
the take rate of immortalized cell lines in nude mice ranges from 50 to 100%, the 
take rate of tumor tissue implants is generally low and varies largely among tumors 
of different origins.

In 1983, Bosma et  al. reported the severe combined immunodeficiency (scid) 
mutant CB17 mice [29]. The mice that were homozygous for the mutant Prkdcscid 
(protein kinase, DNA activated, catalytic polypeptide) were designated C.B-17 scid. 
These mice are deficient for both T- and B-lymphocytes and therefore were recog-
nized as valuable tools for studying immune and hematological disorders and 
engraftment of human cancer tissues [30–35].

Further crossing of SCID mice with the non-obese diabetic (NOD) strain led to 
the development of NOD-SCID mice [36], which lack both T- and B-lymphocytes. 

1  Patient-Derived Tumor Xenografts: Historical Background
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Importantly, these mice showed apparent decreased NK cell activity and innate 
immunity, which is one of the main obstacles to the successful engraftment of 
human cancer cells [37]. In addition, these mice lack “leakiness” (the spontaneous 
generation of mouse T and B cells during aging) associated with the SCID mice. In 
view of this, many groups then shifted to the use of NOD-SCID mice for PDX 
model establishment and successfully established a number of panels of PDX mod-
els from various types of tumor [38–41].

Most recently, three different murine strains with IL-2 receptor (IL-2R) γ-chain 
deficiency have been developed, e.g., NOD-scid IL2rγnull (NSG) and NOD-Rag1null 
IL2rγnull (NRG) and BALB/c-Rag2null IL2rγnull (BRG) mice [42]. NSG mice com-
pletely lack the Il2rg gene and are therefore deficient in IL-2R, while NOG and BRG 
mice express a truncated IL-2R, which can still bind cytokines. The mice bearing 
Il2rg-targeted mutations demonstrate severe impairments in T- and B-cell develop-
ment and function and importantly lack NK cells [43–45]. These have become com-
mon strains used for xenografting and have increased rates of engraftment.

In the last several decades, with the wide usage of immune-deficient mice, a 
large number of PDX tumor models were successfully established from various 
types of cancer. These models retain the histopathological, molecular characteris-
tics and drug responses of their parental tumors [46–49]. Importantly, a panel of 
PDX models can recapitulate tumor heterogeneity that cell line systems fail to cap-
ture and have demonstrated potential predictive power of clinical trial response at 
the population level. In view of this, the PDX models provide a powerful tool and 
have been widely used for studying cancer biology, assisting personalized cancer 
therapy and drug screening in a preclinical setting.

In the following chapters, we mainly focus on the PDX tumor models developed 
with immune-deficient mice. The details of development, features, and applications 
of these new generation PDX models are reviewed.
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�Introduction

For decades, cancer researchers have attempted to grow samples of patient tumours 
as xenografts. Initially, there was limited success, and only a small number of 
patient-derived xenografts (PDXs) could be established, mostly from particularly 
aggressive tumours. Nevertheless, through a combination of serendipity and care-
ful trial and error, the methods for establishing successful PDXs have gradually 
improved. Most tumour types can now be grown as PDXs, and large consortia are 
developing extensive collections of PDXs [1–3]. Yet, there is still room for improve-
ment. Some tumour types still have low engraftment rates and are under-repre-
sented in PDX collections. The difficulty in establishing PDXs also means that 
they are beyond the resources of many laboratories, which may limit the use of 
PDXs in preclinical cancer research and narrow the spectrum of tumours repre-
sented by PDX models. Therefore, this chapter will focus on the methods for estab-
lishing PDXs of solid tumours. In particular, it will address four critical aspects of 
PDX protocols: collection of viable patient tissue, preparation of tissue for xeno-
grafting, choice of host mice and authentication of established grafts (Fig. 2.1). 

Localised
cancer

Surgery
Biopsy

Draining fluids
Palliative surgery
Blood collection
Rapid autopsy 

1. Obtain Patient Sample 

2. Prepare Grafts 

3. Choose Strain and Grafting Site 4. Authenticate Grafts 

CTCs Metastasis Primary culture

+/- Matrigel +/- Stroma

Benign

Whole tissue Tissue slices Digested or sorted
tissue

Renal capsule
Subcutaneous

Orthotopic +/- Hormone implant

E2
T

Check for
lymphoma

Confirm patient
match 

Ascites,
Pleural effusion

CD
45

C
D
45
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Fig. 2.1  Overview of the main steps in establishing PDXs. Step 1: High-quality patient specimens 
are obtained from various stages of cancer progression, from benign tissue to metastases, using a 
variety of collection methods. Step 2: Patient specimens are carefully prepared for grafting as 
either whole pieces of tissue, tissue slices, digested cells or sorted cells, with or without the addi-
tion of Matrigel or stroma. Step 3: Specimens are engrafted into the chosen strain of immunocom-
promised mice at the subcutaneous, subrenal capsule or orthotopic site. Hormone implants are 
used for PDXs of hormone-dependent cancers. Step 4: PDXs are validated to confirm that they are 
not contaminated with lymphoma cells and match the original patient specimen
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Continued optimisation of each of these steps will maximise the likelihood of 
establishing successful xenografts from patient specimens.

�Primary Versus Serially Transplantable PDXs

Xenografts can be derived from various sources of cancer cells; however, this chap-
ter will specifically focus on patient-derived xenografts, sometimes also referred to 
as tumour grafts or patient-derived tumour xenografts. We define PDXs as those that 
are established from patient tissue but not from immortalised cell lines. We will also 
discuss xenografts from near-patient samples, such as organoids. PDXs can be fur-
ther divided into primary and serially transplantable models, which have different 
advantages and disadvantages.

Primary PDXs, also known as first-generation PDXs, are clinical specimens that 
are grown in host mice for only one generation [4–7]. Depending on the experiment, 
this generation can last a few months, which is sufficient time for preclinical testing 
of candidate therapeutics [4]. Primary PDXs have high take rates, because most tis-
sues grow in vivo for at least one generation, assuming that the samples are of high 
quality and the xenografting conditions are optimal [5]. Thus, primary PDXs pro-
vide an opportunity to maximise the utility of specimens that may not produce seri-
ally transplantable PDXs, which is particularly important for rare tumours [8]. 
Another advantage of primary PDXs is that they maintain the complex pathology of 
the original samples. Benign, premalignant and malignant cells can co-exist within 
a single graft, just as they do in patient tissue [7, 9, 10]. Other cell types that are 
retained include fibroblasts, smooth muscle and endothelial cells [7, 11]. These cell 
types are gradually overtaken by cancer cells and recruited mouse stroma after 
serial transplantation [12]. Therefore, there are several advantages to only growing 
patient tissues in host mice for one generation as primary PDXs.

The disadvantages of primary PDXs are offset by the benefits of serially trans-
plantable PDXs. Primary PDX experiments require ongoing access to fresh patient 
specimens, whereas serially transplantable PDXs are actively growing tumours that 
can be regrafted into new host mice for multiple generations [13]. Thus, they pro-
vide a continuing source of tissue for numerous experiments. Over several genera-
tions, cancer cells become the most prevalent cell type within serially transplantable 
PDXs, so their pathology becomes more similar to metastatic than localised 
tumours. Nevertheless, the grafts are populated by mouse stroma, so serially trans-
plantable PDXs are more complex models compared to in vitro monocultures of 
cancer cells. Furthermore, like in vitro cell cultures, serially transplantable PDXs 
can be cryopreserved and shared between laboratories [1, 12, 13]. Collectively, 
these features make serially transplantable PDXs valuable preclinical models to 
study tumour biology and test novel therapeutics.

One of the main limitations of serially transplantable PDXs is that some tumour 
types are difficult to grow. Some cancers, such as melanoma, readily establish seri-
ally transplantable PDXs, while others, such as prostate and oestrogen receptor-
positive breast cancer, have much lower rates of success [7, 14–16]. There are 
several interrelated explanations for why some tumours are easier to establish as 
serially transplantable PDXs than others. One factor is the origin and availability of 
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tumour tissue. The surgical procedures used to remove tumours can affect the qual-
ity and viability of samples as well as the time taken to transport them to the labora-
tory [8]. Moreover, different patterns of early diagnosis and clinical practice between 
tumour types mean that samples may be available from different stages of cancer 
progression. Another factor influencing PDX success rates is the ability of each 
tumour to adapt to growing in the mouse host. Some tumours may be more sensitive 
to xenografting conditions, including the methods used to prepare the grafts and the 
choice of mouse strain. Finally, the success rate of establishing PDXs might simply 
reflect the aggressiveness of the cancer type and the individual patient specimen 
[17–19]. This particular variable is beyond a researcher’s control; however, many 
other factors can be optimised to maximise the likelihood that tumours will produce 
serially transplantable PDXs. Therefore, the following sections will discuss sources 
of tumour tissue, preparation of grafts and choice of mouse strain, because the 
methods of establishing PDXs may underpin their eventual success.

�Methods for Generating Patient-Derived Xenografts

�Sources of Tissue for Patient-Derived Xenografts

Xenografting is a challenging technique from the very first step of the process—col-
lecting high-quality patient specimens. The sources of patient tissue determine the 
take rate of PDXs and the scientific questions they can be used to investigate. This 
section will address the benefits, limitations and applications of different sources of 
tissue spanning disease progression, from non-malignant samples to metastatic can-
cer specimens.

�Non-Malignant Tissue
Non-malignant tissues are often overlooked as samples for establishing PDXs. 
However, they can be used to optimise xenografting techniques, study angiogenesis 
and the interactions between epithelium and stroma, investigate the normal physi-
ological responses of tissues to treatment, compare the features of patient-matched 
benign and malignant tissue and identify cancer cells of origin [6, 10, 20–24]. Non-
malignant tissue is often dissected from the same surgical specimen as the tumour 
by sampling regions that are distant from known tumour foci [10, 23, 25]. Other 
possible sources of non-malignant tissue include prophylactic surgeries, such as 
mastectomies and oophorectomies from women with pathogenic BRCA1 or BRCA2 
mutations, or procedures for benign conditions, such as transurethral resection of 
the prostate (TURP) for treating benign prostatic hyperplasia [8, 24, 26].

Depending on the experiment and tumour type, thorough histopathology may 
be required to confirm that these specimens are truly non-malignant. Furthermore, 
some cancers are thought to exert a field effect on surrounding tissue, so non-
malignant samples may be best defined as “benign” or “morphologically normal”, 
rather than “normal” [27, 28]. Notwithstanding this limitation, non-malignant 
samples are still useful because they often have high take rates as primary PDXs 
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[10, 25]. Anecdotally, benign epithelial cells often persist in primary PDXs, even 
when cancer cells fail to grow. However, unlike tumours, non-malignant tissues do 
not produce serially transplantable PDXs. Collectively, this means that non-malig-
nant specimens are a convenient source of tissue for short-term PDX experiments 
as long as their histopathology is carefully reviewed.

�Localised Tumour Tissue
Localised tumours are a common source of tissue for PDXs, because surgery with 
curative intent is standard practice for treating many cancers. These specimens can 
provide large amounts of tumour tissue from each patient, and it is sometimes pos-
sible to obtain locally advanced cancer from surrounding lymph nodes. Regions of 
tumour tissue can be dissected from surgical specimens with a scalpel or biopsy 
needle, ideally avoiding benign or necrotic tissue [5, 29]. Whichever method is 
used, it is essential that the overall architecture of the specimen is preserved for 
routine pathology reporting of surgical margins, tumour differentiation and histol-
ogy [5]. PDXs can also be established from primary tumours after patients have 
received neoadjuvant treatments [30, 31]. In cases where surgery is not performed, 
tissue can be obtained from biopsies, including fine needle aspirates [10, 13, 32, 
33]. Thus, for many cancers localised tumours are a widely available source of tis-
sue for xenografting.

PDXs of primary tumour have many applications. Large biobanks of PDXs have 
been established from primary tumours of numerous cancers [1–3, 34]. Genomic 
analyses of these large cohorts have shown that they approximate the inter-patient 
diversity of tumours in the clinic [1, 2]. Thus, they provide comprehensive preclini-
cal platforms for drug screening. Serially transplantable PDXs of primary cancers 
are also useful for studying tumour biology. For example, some laboratories have 
grown PDXs under selective pressure to create models of therapy resistance [13], 
while others have established PDXs from matched localised and metastatic tumours 
from the same patient [1, 32]. Therefore, even though PDXs of primary tumours 
usually do not represent lethal disease, they are invaluable models for cancer 
research.

�Metastatic Tumour Tissue
PDXs of metastatic tumours provide models of the most aggressive stages of cancer 
progression, including therapy resistance [14, 35]. This makes PDXs of metastatic 
tumours ideal for studying mechanisms of drug resistance and for testing the effi-
cacy of novel therapeutics. For many cancers, however, there is limited access to 
metastatic tumours compared to localised disease. Patients with some cancers rarely 
undergo surgical resection of metastases and are instead treated with radiotherapy 
or systemic therapies like chemotherapy. Nevertheless, once the logistical and ethi-
cal challenges are overcome, it is still possible to obtain metastatic samples from 
patients during treatment or after death.

PDXs can be established from numerous sources of metastatic tumour cells from 
patients who are still undergoing treatment. For example, several laboratories have 
generated PDXs from surgically resected liver metastases of colon cancer [34, 36–38]. 
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Surgery is less commonly performed on metastases of many other cancers; however, 
other types of samples are sometimes available. This includes malignant ascites or 
pleural effusions, from which cancer cells can be isolated and injected or grafted into 
mice [17, 39–42]. Metastatic tissue can also be obtained from palliative surgeries, 
which are sometimes used to alleviate pain or repair fractures due to bone or spinal 
metastases [43–45]. Biopsies are another common source of metastatic tumour tissue 
[46, 47]. They are usually performed during the course of patient treatment but are 
sometimes undertaken specifically to obtain tissue for research or clinical trials, which 
carries a small risk of complications to the patient [48–50]. This means that it is some-
times possible to plan the timing of biopsies and even use them to obtain serial samples 
from patients [49]. However, the limitations of biopsies include the small amounts of 
tissue they provide and the inability to sample some metastatic sites. Nevertheless, 
along with surgical resections, ascites and pleural effusions, biopsies are an essential 
source of metastatic tumour cells for establishing PDXs.

Certain limitations of collecting samples from living patients are overcome with 
rapid autopsy programmes. Rapid autopsy, also known as warm or immediate 
autopsy, involves the collection of tumour tissue within a few hours of a patient’s 
death [51]. The speed of this process is important for maintaining high-quality, via-
ble tumour tissue before autolysis occurs. This creates logistic challenges, so rapid 
autopsy programmes typically involve team members from clinical care, palliative 
care, funeral services, forensic medicine, tissue banking and cancer research [14, 
52]. Most rapid autopsy protocols use imaging and clinical notes to identify the 
locations of metastases. These sites are then reviewed macroscopically during dis-
section to avoid any necrotic tissue [14, 52]. Despite concerns about the viability of 
rapid autopsy samples, serially transplantable PDXs have been established from 
melanoma, rhabdomyosarcoma and breast, pancreatic, prostate and ovarian cancers 
[14, 35, 51–53]. The reported success rate for generating PDXs varies between 
tumour types, from 5% for prostate cancer to 100% for melanoma [14, 52].

There are benefits and limitations to rapid autopsy programmes and the samples 
they provide. One of the benefits of rapid autopsy is that it enables extensive sam-
pling of multiple metastatic sites, including those that cannot be accessed before 
death [14]. This is particularly useful for studying intra-patient tumour heterogene-
ity [54–56]. Furthermore, compared to biopsies, rapid autopsies can provide greater 
amounts of tissue from more sites and without patient discomfort or the risk of 
complications. Yet, rapid autopsies are not routine. This makes them a low-
throughput source of metastatic tissue for xenografting, especially compared to 
biopsies. Therefore, rapid autopsy programmes are often used for detailed studies of 
carefully selected patient cohorts, where samples are gradually accumulated over 
time. Overall, this means that rapid autopsies and other sources of metastatic tissue 
are complementary methods of collecting patient samples for xenografting.

�Circulating Tumour Cells
Circulating tumour cells (CTCs) are an emerging source of cancer cells for PDXs. 
Successful PDXs have been established from breast, prostate and small-cell lung 
cancer CTCs directly implanted into immunocompromised host mice [57–59]. 
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PDXs have also been generated from CTCs that were cultured as organoids before 
engraftment (see Section “Sorted or Cultured Cancer Cells”) [60–62]. CTCs have 
yielded tumours when directly injected into subcutaneous and bone sites, which is 
often cited as evidence that CTCs contain a subpopulation of metastasis-initiating 
cells [57, 58, 63]. Not surprisingly, samples with greater numbers of CTCs have 
higher take rates when xenografted [57, 58]. This could be due to the increased 
likelihood that some of the CTCs within a sample will be tumourigenic, as well as 
the association between high CTC counts and aggressive tumours. Since the process 
of collecting CTCs from blood or “liquid biopsies” is non-invasive, it might be pos-
sible to obtain serial samples to establish PDXs from different stages of disease 
progression, such as before and after therapeutic resistance. Therefore, CTCs are 
likely to become increasingly popular samples for establishing PDXs.

�Sorted or Cultured Cancer Cells
PDXs are usually established from samples of intact or digested patient tissue; how-
ever, they can also be grown from tumour cells that are preselected using sorting or 
primary culture. Cell sorting is used to enrich defined populations of cancer cells 
based on their expression of cell surface antigens or phenotype. Common tech-
niques include flow cytometry, magnetic bead separation and differential attach-
ment to coated plates. Xenografts of sorted cells have primarily been used to study 
cancer-repopulating cells [37, 64, 65]. The frequency of cancer-repopulating cells 
can be calculated by decreasing numbers of sorted cells to establish a tumour [66]. 
The other common method of preselecting cancer cells, primary cell culture, is also 
based on the premise that only a subpopulation of cancer cells may have the poten-
tial to form tumours. In this way, in vitro cell culture can be used to select patient 
specimens that are more likely to establish successful PDXs. These primary cultures 
are increasingly being established as organoids rather than adherent or suspension 
cultures [60–62, 67]. This method is particularly useful for samples with low take 
rates, because it is easier to monitor their growth in vitro and then subsequently graft 
the cells into host mice. This also provides matched in vitro and in vivo models to 
study tumour biology and drug responses in various contexts. An unresolved ques-
tion is whether there are differences in PDXs established from pieces of tissue com-
pared to cultured cells, other than the obvious lack of human stroma in early 
generations. Nevertheless, preselecting cancer cells through sorting or primary cul-
ture provides researchers with a way to control the success rate of PDXs.

�Preparation of Fresh Tissue for Xenografting

After obtaining high-quality patient specimens, the next important step in estab-
lishing successful PDXs is to carefully prepare the tissues for xenografting. The 
standard procedure for many tumours is to either graft whole pieces of tissue or 
enzymatically digested tissue as quickly as possible into the host mouse [68]. 
However, additional processing steps may improve the take rate of tissues that are 
difficult to grow as PDXs. One approach is to use a tissue slicer to cut thin and 
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precise samples, typically about 300 μm thick [69, 70]. Once grafted, these thin 
slices may be more highly oxygenated than larger pieces of tissue, potentially 
increasing their survival during the time it takes them to become vascularised. 
Slicing is also useful for specimens with a heterogeneous composition of cancer 
and benign regions, because it is possible to compare paired slices and assess the 
tumour content in fixed slices [69].

Other methods of preparing tissue aim to enrich the graft microenvironment. For 
example, grafts are often embedded in Matrigel, which provides growth factors and 
extracellular matrix to encourage the growth of the patient tissue and host vascula-
ture [17, 23, 71]. Matrigel is also useful for binding together dispersed cells or 
fragile pieces of tissues. The development of biomimetic scaffolds by tissue engi-
neers may provide alternatives to Matrigel where the composition and stiffness of 
the matrix is customised to match the patient tissue [72]. Another way of providing 
a supportive microenvironment is to add stroma to grafts; however, the source of 
stroma is critical. The take rate of primary prostate PDXs is increased when they are 
recombined with mesenchyme from embryonic or neonatal mice [5, 7, 9, 73]. 
Similarly, the growth and vascularisation of primary breast cancer PDXs is improved 
by co-implanting mesenchymal stromal cells [17]. In contrast, immortalised human 
fibroblasts from normal breast tissue had no effect on the take rate of primary breast 
cancer PDXs and actually decreased their serial transplantability [42]. These studies 
emphasise that the graft microenvironment, and the method of preparing tissue in 
general, can be critical in establishing PDXs.

�Influence of the Mouse Host on Patient-Derived Xenografts

Some of the most dramatic improvements in PDX protocols have been due to 
changes in the mouse host. This section will discuss the importance of systemic 
features of host mice, in particular their immunocompetence and circulating steroid 
levels, as well as the local features of the graft site.

�Systemic Features of the Mouse Host: Strains and Steroids
It is essential to use immunocompromised host mice to avoid rejection of PDXs. 
Early methods of supressing the host immune system included X-ray irradiation and 
thymectomy [74, 75]. The subsequent discovery of athymic nude mice (nu/nu), 
which lack functional T cells, foreshadowed the use of increasingly immunocom-
promised mouse strains for xenografting [76]. Many laboratories then shifted to 
using severe combined immune-deficient (SCID) mice, which are deficient in both 
T and B cells [77]. Non-obese diabetic SCID (NOD-SCID) mice then became more 
popular for xenografting, because they avoid the leaky phenotype of SCID mice and 
also have impaired natural killer (NK) cell function [78, 79]. To further abrogate the 
host immune response in these strains, some laboratories pretreated mice with eto-
poside, an immunosuppressant, a few days prior to grafting [39, 80]. It was subse-
quently shown, however, that etoposide decreased the take rate and growth of breast 
cancer PDXs in thoracic fat pads [39].
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Most recently, NOD-SCID interleukin-2 receptor gamma chain null (NSG) mice 
have become a common strain used for xenografting. NSG mice are highly immu-
nocompromised because they lack functional T, B and NK cells [81, 82]. It is often 
assumed that using highly immunocompromised host mice can improve the take 
rate of PDXs; however, it seems to depend on the patient specimens. Small numbers 
of melanoma cells have dramatically higher take rates in NSG versus NOD-SCID 
mice, whereas there is no difference in the engraftment rate of breast cancer tissue 
in SCID versus NSG mice or prostate cancer tissue in nude versus NOD-SCID mice 
[11, 42, 65]. Nevertheless, many laboratories now routinely use NOD-SCID or 
NSG mice for xenografting given that the take rate is greater, or at least equal, to 
that obtained with other strains. The trade-off for high engraftment rates with immu-
nocompromised mice is the inability to study the interactions between tumour and 
immune cells, leading to increasing interest in humanised PDX models [83].

In addition to the immune system, steroid hormone levels are another systemic 
feature of host mice that affects the engraftment and growth of hormone-dependent 
cancers. Breast cancer PDXs are often established in female mice implanted with 
oestrogen pellets. Oestrogen supplementation increases the engraftment of both 
oestrogen receptor-positive and receptor-negative subtypes, presumably due to 
paracrine signalling from the stroma [17, 42, 84, 85]. Unfortunately, higher doses of 
exogenous oestrogen can cause side effects in host mice, such as urine retention and 
hydronephrosis, leading to the development of alternative protocols with lower oes-
trogen levels [26, 86, 87]. Similar to breast samples, prostate tissue is grafted into 
male mice with testosterone implants. Higher testosterone levels are required to 
maintain the differentiation of benign and malignant prostate glands in PDXs, 
because androgen levels in adult male mice are only equivalent to hypogonadal 
adult men [10, 24, 88, 89]. Therefore, supplementing steroid hormone levels in host 
mice is a simple way to maximise the success of PDXs of hormone-dependent 
cancers.

�Local Features of the Mouse Host: Graft Site
The graft site is an important consideration when establishing PDXs, because local 
features of the mouse host affect the take rate, fidelity and practicality of PDXs. 
Specimens are often engrafted heterotopically, that is, at a different site compared 
to their tissue of origin. Subcutaneous grafting into the shoulder or flank of host 
mice is particularly common. The advantages of subcutaneous grafting include the 
speed and technical simplicity of the method, the ability to graft large specimens 
and the ease of monitoring tumour growth [90]. Thus, it is ideal for tumours with 
high take rates or for serially transplantable PDXs that have already been estab-
lished at other graft sites. Tumours with low take rates as subcutaneous grafts, such 
as oesophageal, prostate and low-grade ovarian cancer, often grow more success-
fully as subrenal capsule or intramuscular grafts [10, 11, 91, 92]. This is thought to 
be due to the greater blood supply at these sites. Subrenal grafting requires more 
expertise than subcutaneous grafting; however, once the grafts are implanted, they 
are held in place by the renal capsule, a thin membrane surrounding the kidney [5, 
10, 89, 93]. Another limitation of subrenal capsule grafting is that it is more difficult 
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to estimate tumour growth by palpating the grafts. Therefore, for heterotopic PDXs, 
the choice of graft site depends on the balance between optimal take rate and ease 
of grafting and monitoring of tumour growth.

PDXs can also be established orthotopically [10, 17, 28, 42, 90, 94–97]. It can be 
more difficult and time-consuming to establish orthotopic grafts, and they may need 
to be monitored using specialist imaging equipment [98]. Nevertheless, orthotopic 
grafting ensures that the host microenvironment mimics the patient tissue of origin 
as closely as possible. This is reflected in the high take rates of orthotopic grafts for 
many tumour types, compared to subcutaneous grafts [10, 17]. The graft site can 
also affect the phenotype of PDXs. For example, orthotopic PDXs may be more 
likely to metastasise [95, 99, 100] and more closely reflect patients’ responses to 
therapy than heterotopic PDXs [101]. Yet, most PDXs closely recapitulate the origi-
nal patient tumour [2], so the degree to which orthotopic grafting improves fidelity 
is unclear and might depend on the tumour type. The precise anatomical site used 
for orthotopic grafting can also be important. For example, breast cancer PDXs 
exhibit better engraftment and growth in abdominal compared to thoracic fat pads 
[39]. Furthermore, injecting oestrogen receptor α-positive tumours into milk ducts 
instead of fad pads produces PDXs that more closely resemble the histopathological 
features of patient tumours [26]. Collectively, these studies emphasise that the local 
microenvironment can affect the take rate and phenotype of PDXs.

�Authentication of Patient-Derived Xenografts

Once PDXs are established, it is important to verify that they recapitulate the origi-
nal patient specimens. There is a risk that PDXs can become contaminated, espe-
cially with lymphomas, which can rapidly overtake grafts. Lymphomas can originate 
from the host mouse, particularly in ageing NOD-SCID mice [18, 102, 103]. They 
can also arise from human B cells within the patient specimen that are transformed 
by Epstein-Barr virus. PDXs from a diverse range of tumour types have been con-
taminated with human lymphomas [18, 92, 103–106]. Simple tests can be used to 
rapidly identify contaminated PDXs, allowing them to be rescued. Contaminating 
mouse cells can be identified using species-specific analyses of telomeres, Alu 
repeats and human mitochondrial antigens [26, 92, 107]. Human lymphomas can be 
detected, and if necessary depleted, based on CD45 expression [105].

PDXs can also be cross-contaminated with one another, so there is a growing 
need to authenticate that they match the correct patient. It is becoming a routine 
practice to authenticate immortalised cell lines to ensure that they are derived from 
the intended source, but this is not yet the case for PDXs. This led the International 
Cell Line Authentication Committee to recommend that guidelines and protocols 
should be developed for rigorously characterising PDXs [108]. The identity of 
PDXs is sometimes confirmed in the process of genomic studies, but other targeted 
approaches can be used for routine authentication. For example, short tandem repeat 
(STR) analysis is commonly used for authenticating cell lines, and it has also been 
used in some PDX studies [42, 109]. An alternative approach is to analyse the 
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pattern of single nucleotide polymorphisms (SNPs), which provides similar accu-
racy to STRs in identifying different patient samples. An automated SNP-based 
PDX Authentication System (PAS) with 32 SNPs was recently validated with PDXs 
from paediatric acute lymphoblastic leukaemia, Ewing’s sarcoma and prostate can-
cer [110]. This system identifies as little as 3% cross-contamination between PDXs, 
providing an effective method for authenticating PDXs. Therefore, given the time 
and expense of PDX experiments, rapid and inexpensive approaches for authenti-
cating the identity of PDXs will become important tools for confirming the validity 
of the results.

�Summary and Conclusions

Over the last few decades, the availability of PDXs in laboratories around the world 
has increased dramatically. This has been driven by numerous methodological 
improvements and the realisation that PDXs are invaluable tools in preclinical can-
cer research. Yet, it is important to note that there is no “best practice” in establish-
ing PDXs. Methods vary depending on the tumour type, and, in many instances, 
tumour take rates have not been formally compared between various protocols. 
Instead, a bit like a cottage industry, many individual laboratories have gradually 
optimised the way they establish PDXs for particular tumour types. This is chang-
ing, however, as laboratories publish detailed protocols, and national and interna-
tional consortia develop large repositories of PDXs. The scale and scope of these 
PDX platforms is important, because multiple PDXs of each tumour type and each 
stage of disease progression are required to replicate the diversity of tumours in the 
clinic. Nevertheless, these PDX platforms depend on the expertise of cancer 
researchers to grow patient specimens as PDXs. Through further innovation and 
collaboration, this process is likely to become increasingly successful in the years 
ahead.
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Abbreviations

AML	 Acute myeloid leukemia
CGH	 Comparative genomic hybridization
ER	 Estrogen receptor
IFP	 Interstitial fluid pressure
mCRC	 Metastatic colorectal cancer
NGS	 Next generation sequencing
PDAC	 Pancreatic ductal adenocarcinoma
PDX	 Patient-derived xenograft
SCID	 Severe combined immunodeficiency

�Introduction

For a cancer drug candidate to enter clinical development, it has to pass many steps 
within the drug discovery and exploratory development process, and preclinical eval-
uation in animal models is a key step in transitioning and preparing the drug candi-
date to enter the clinic. Although much progress has been made from biological 
understanding of the disease to structure-based drug design, only a fraction of the 
drug candidates generated meaningful clinical benefit when tested in clinic trials. 
Although there are many factors that affect the translatability and predictability of 
preclinical pharmacology studies, the lack of clinical relevance of the animal models 
has frequently been cited as one of the main reasons for the high attrition rate in 
oncology. Traditionally, xenograft models derived from monolayers of in vitro cul-
tured human cancer cell lines have been the mainstay of the cancer pharmacology 
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toolkit. However, studies have shown that such cell lines often diverge substantially, 
at molecular and behavior levels, from the original tumors from which they were 
derived [1–4]. For example, when tumor cells are initially harvested from the patient 
and subsequently put into tissue culture, the selective pressure of the artificial condi-
tion will likely exert a different impact on the heterogeneous population. If cells with 
a certain physiological property survive and thrive better than others, overtime, the 
cell population will become more homogeneous, resulting in irreversible loss of 
important biological characteristics [1]. Even when cells thrive in culture, they are 
deprived of their native microenvironment and physiological context, which inevita-
bly leads to epigenetic changes and properties that are distinctive from their origin 
[3]. In some cases, cells gain genetic changes that provide them growth advantage 
over the cells that don’t have such changes. These cells will become dominant or sole 
populations over generations of culture, which can lead to misrepresentation of the 
tumor type of origin. Consequently, mouse xenograft models derived from human 
cancer cell lines, especially the ones that deviate from the origin of tumor due to 
conditional selection and/or extended culture, are likely to lead to poor predictive 
power in the translation of preclinical study into clinical practice [5, 6].

In search of clinically relevant and more predictive cancer models, researchers pro-
posed PDX tumors as an advantageous alternative to the cancer cell line-derived xeno-
graft models. Solid tumor PDX models are generally derived from tumor tissue freshly 
harvested from cancer patients undergoing surgical biopsy or needle aspiration. The 
tumor tissue is implanted immediately into immunocompromised mice with no 
extended culture [7]. Sometimes, solid tumor PDX models can also be derived from 
cell suspensions generated by physical or enzymatic dissociation of tumor tissue [8].

For hematological malignancies, such as acute myeloid leukemia (AML) [9, 10], 
clinically relevant and predictive model systems are also important for preclinical 
studies to improve understanding of the biology of the disease and to develop effec-
tive therapeutic approaches. The initial report on successful engraftment of patient-
derived hematological cancer cells in immunocompromised severe combined 
immunodeficiency (SCID) mice was published more than 20 years ago [11, 12]. 
However, these models usually suffer from low levels of malignant cell engraftment 
(as low as 0.1–5% of the mouse bone marrow). In addition, prolonged engraftment 
of leukemic cells in SCID mice often leads to development of lymphomas and a 
shortened life-span. To improve the engraftment of human hematopoietic cells, 
NSG and NOG mice harboring targeted deletion of IL-2 receptor common γ-chain 
in NOD/SCID background (NOD/LtSz-scid IL2Rγc null) were developed. These 
mice have severely impaired B-, T-, and NK-cell functions allowing more durable 
engraftment and development of human normal and malignant hematopoietic cells 
and less likely develop thymomas compared to SCID mice [13, 14].

�The Fidelity of PDX Models

PDX tumor tissue models are increasingly being utilized for cancer drug discovery 
and development mainly because of the premise that they generally closely reca-
pitulate the histology and architecture, genetic and genomic makeup, and gene- 
and tissue-level heterogeneity of the original tumors and their immediate 
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microenvironment from which they are derived [15]. In other words, they more 
faithfully maintain the fidelity to the human tumor than conventional, cell line-
derived xenograft models [16].

�Fidelity in Histopathology

One of the obvious issues with cell line-derived xenograft models is the lack of tis-
sue architecture present in the original tumor. The histology of these models tends 
to show a grossly homogeneous collection of seemingly identical cells without any 
particular organization pattern, with the exception of mouse blood vessels and infil-
trating mouse immune cells. This is usually in great contrast to actual human tumors 
where distinctive phenotypes are seen for different tumor types or subtypes. It is 
hard to imagine that the lack of cellular complexity and tissue architecture in cell 
line-derived models would accurately represent the complex cross talk and interac-
tions between the cancer cells and various components of their microenvironment 
usually found in the original malignancies. On the other hand, it has been well docu-
mented that PDX models generally retain the histopathological features and immu-
nohistological markers [17–21], regardless of the transplantation site.

Freshly harvested tumor fragments or cell suspension can be implanted either 
heterotopically or orthotopically into the immunocompromised mice. In the hetero-
topic procedure, subcutaneous implantation by trocar or small surgery is the most 
commonly used approach followed by subrenal capsular implantation of tumor 
material [22]. These procedures are generally simple and safe to perform. Usually, 
it takes about 2–6 months for the tumor to engraft, but the actual time varies tremen-
dously by tumor type, tumor genetics and behavior characteristics, and strain of 
immunodeficient mice. Although heterotopic xenografts are the predominant type 
of PDX models available, and they generally retain the architecture of the original 
specimen within the tumor, the ectopic location of implantation can affect the 
behavior of the tumor. For example, subcutaneous tumors rarely metastasize and 
can have an abnormal level of angiogenesis that is significantly deviated from their 
origin. Subrenal capsular implantation can potentially more faithfully mimic the 
original tumor stroma but still represents a different anatomical location.

Recently there have been significant efforts in developing orthotopic PDX models 
in which tumor materials from patients are directly inserted into the corresponding 
anatomical locations in the host animals. Although the procedures are more techni-
cally challenging and time-consuming, it is believed that these models may better 
replicate the tumor microenvironment than heterotopic models and thus may be more 
physiopathologically relevant [23]. For example, using mammary fat pad as the 
receiving site for breast cancer implantation, DeRose et al. [17] reported an initial 
engraftment rate of 37% and a stable take rate of 24% for four primary tumors, seven 
pleural effusates, and one ascites. The majority of these PDXs developed metastatic 
disease at locations similar to those found in human patients. In another report, Zhang 
and colleagues [24] established a cohort of 35 stable models of breast cancer repre-
senting 27 independent patients. These models appeared to be biologically consistent 
with the tumor of origin, were phenotypically stable across multiple generations at the 
histologic and molecular levels, and showed treatment responses comparable to those 
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observed clinically. Of these 35 models, 12 (48%), including two ER+ tumors, devel-
oped metastatic lesions in the lungs, a major destination for breast cancer spread in 
humans [25]. Compared to mammary fat pad, other orthotopic locations can be more 
technically challenging, but the benefit of these models appeared to outweigh the risk. 
For instance, Walters et al. [26] reported successful generation of 15 orthotopic pan-
creatic ductal adenocarcinoma (PDAC) models directly from patient specimens. 
Interestingly but not surprisingly, they found that the PDX growth and metastatic 
(peritoneal and liver) rates correlated with the survival rate of the patients from which 
the original tumor material was obtained. These models faithfully preserved the tumor 
architecture, nuclear grade, and stromal content.

�Fidelity in Molecular Features

In addition to preserving the histopathological features of the original tumors, it is 
critical for any preclinical model to retain the molecular features to be clinically 
relevant [5, 6]. One of the key drawbacks of cell line-derived models is their molec-
ular divergence from the original tumors, as the result of extended in vitro culturing 
and selection under nonphysiological conditions [1–4]. To demonstrate that PDX 
models are indeed more faithful at the genetic and genomic levels, researchers have 
employed a number of approaches, such as cytogenetic analysis, next-generation 
sequencing (NGS), gene expression profiling, and comparative genomic hybridiza-
tion (CGH), to extensively profile these models. These studies generally show high 
levels of agreement between original and xenografted tumors, occasionally with 
more pronounced mutational status in PDXs [17, 20, 27–31].

For example, Ding and colleagues [28] compared deep sequencing results of the 
primary tumor, patient blood, patient metastasis, and PDX established from the pri-
mary tumor specimens of the same triple negative breast cancer patient and found 
that the PDX retained the mutations of the primary tumors and gained additional 
mutations also found in the metastasis. Reyal et al. [20] expanded the comparison to 
include multiple breast cancer PDX models. By CGH comparison of xenografts 
with their corresponding primary tumors, it was found that the PDX tumors largely 
reflected the genomic profile of the patients’ tumors, with additional DNA gains and 
losses. Gene expression profiling identified variations between PDX tumors and 
their corresponding primary tumor specimens, particularly in the expression of a 
panel of stroma-related genes, suggesting a gradual loss of human stroma and an 
adaptation to host animal post-tumor implantation.

In the report discussed earlier, Walters et al. [26] profiled all 15 orthotopic PDAC 
PDX models and found them to closely resemble the molecular features of pancre-
atic cancer (e.g., high rate of KRAS, P53, SMAD4 mutations, and EGFR activation). 
The correlation coefficient of gene expression between primary patient specimens 
and xenografted tumors, propagated through multiple transplantations, was between 
93% and 99%. Further profiling of global gene expression showed distinct patterns 
between PDX and PDAC cell lines, confirming that PDX models more faithfully 
preserve the molecular characteristics of human cancer than cell lines. Similar 
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observations were made in lung cancer [32, 33], gastric cancer [34], colon cancer 
[35], medulloblastoma [31], retinoblastoma [36], prostate cancer [37], bladder can-
cer [38], ovarian cancer [39], head and neck cancer [40], and other tumor types.

Although the fidelity in molecular features in general has been well preserved in 
PDX models, as mentioned above, clonal selection and clonal evolution are inevi-
table during the initial establishment and subsequent passaging of the models, lead-
ing to qualitative and quantitative differences between PDXs and the original 
tumors. An example was provided recently by Eirew et al. [41], who reported that 
although PDXs are generally faithful molecularly, the initial engraftment and sub-
sequent propagation could impact on the genomic clonal architecture. By deep 
genome sequencing and single-cell sequencing, they showed that, in all cases exam-
ined, both primary and metastatic tumors undergo various levels of initial clonal 
selection and that the changes continued over time during subsequent propagation. 
Compared to histopathological characteristics, the changes at molecular levels 
appear to be relatively more pronounced and dynamic [17, 24, 41].

�Fidelity in Stroma/Microenvironment

One of the key differentiating features of PDX models is their ability to maintain the 
human stroma component during early passages [33]. Tumor stroma was defined as 
a heterogeneous component that includes both malignant (from tumor) and nonma-
lignant (from tumor and host) cell components, as well as oxygen and nutrient sup-
ply, angiogenesis, and elevated interstitial fluid pressure (IFP) and infiltrating 
lymphocytes. However, it is still controversial how long/how many passages the 
human stroma component can last and whether or not the stroma is still functionally 
relevant [42]. Many studies suggest that as soon as the human tumor fragment is 
implanted into an immunocompromised mouse, the human stroma is progressively 
replaced by stroma of murine origin [20, 28, 31, 35, 43, 44]. Therefore, there is a 
reduction, gradual or steep, in human stroma even in the early passages. Eventually 
the human stroma is replaced by mouse stroma [45], although the timing of this tran-
sition varies and remains to be further clarified [33, 40]. Therefore, when possible, it 
is wise to use PDX models with a low passage number to preserve the molecular and 
stromal fidelity of the original tumor [20, 27, 46]. Nonetheless, the presence of 
human stroma in early passages of PDX models can still provide a platform for 
studying interactions between tumor cells and their microenvironment [47].

�Fidelity in Tumor Heterogeneity

Cancer is a heterogeneous disease as manifested in many forms within the same 
tumor, in different tumors within the same patient, or in tumors of different patients. 
However, such heterogeneity is often lost once a tumor is removed from a patient 
and cultured in vitro, even only for a brief period of time [1]. The lack of heteroge-
neity or diversity could potentially lead to experimental results that are generated 
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from a very small number of models with narrow or biased representation of patients 
[48]. In contrast, PDX models maintain the original tumor heterogeneity, which 
allows for modeling of a wide spectrum of cancer types or patient heterogeneity 
when screening larger panels of PDX tumors [35, 49, 50]. Additionally, intra-tumor 
or intra-patient variation is increasingly recognized as a source of inherent or 
acquired resistance to targeted anticancer agents, through selection of drug-resistant 
mutations that potentially preexist in subsets of cells [51, 52].

One of the challenges encountered when building comprehensive panels of PDX 
tumors is that their engraftment frequencies or “take rates” are highly variable, 
depending on tumor types and indications. For example, breast cancer PDX models 
have been more difficult to establish relative to lung, melanoma, and colorectal cancer 
models [53, 54]. In the case of breast cancer, basal-like cancer models were success-
fully developed whereas luminal tumors, including estrogen receptor (ER) positive 
tumors, which inherently have lower pathological grades and slower growth rates in 
patients, are notoriously challenging to obtain due to their poor engraftment success 
and slow growth in mice [29, 55–58]. A similar bias was observed in PDX models of 
prostate cancer [59] and other tumor types [60]. To fully realize the predictive and 
translational values of PDX models, an unbiased collection of PDX models that 
approximates the diversity of phase 2/3 clinical trial patient populations should be 
assembled, mimicking the tumor heterogeneity found within cancer patients. Recently, 
the introduction and broader use of NGS mice as hosts may be able to allow engraft-
ment of patient samples that is otherwise challenging in traditional SCID or nude 
mice. In addition, the number of academic institutions and commercial entities that 
offer PDX models for preclinical or co-clinical testing has been growing dramatically 
in the past few years, which has resulted in significant improvement in model avail-
ability, to cover even the most challenging tumor types and subtypes. It is therefore 
anticipated that by combining a broader panel of immunocompromised strains such as 
NSG with optimization of tumor implantation procedures, the bias toward more 
aggressive and late-stage tumors will become less prominent overtime.

Another consideration during initial establishment and subsequent passaging of 
PDX models is to take into account the heterogeneity within the donor tumor mate-
rial. Since each tumor fragment for implantation only represents a small fraction of 
the tumor, a single recipient animal usually cannot capture the inherent variability 
of each cancer, and multiple engraftments are thus needed to preserve tumor hetero-
geneity, even for a single donor tumor [61].

�Fidelity in Response and Resistance to Drugs

The ultimate goal of using preclinical tumor models is to understand the mechanism 
of action of anticancer drugs and to predict patient response and resistance before 
embarking on expensive clinical trials that impact on human lives. Generally speak-
ing, for dominant oncogenic drivers such as BRAFV600E mutation in melanoma 
and EGFR L858R mutation in NSCLC, cell lines harboring these drivers in the 
absence of other concurrent oncogenic mutations can predict clinical responses 
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fairly accurately when a clinically relevant dose or exposure is applied [62]. Still, in 
some cases, oncogenic gene amplification can be found in cell lines at levels that are 
several multitudes higher than in patient tumors, a cell culture-derived artifact that 
may lead to overprediction of drug responses in the clinic. On the other hand, due to 
the overall higher fidelity of PDX models to their original human tumors, it has been 
postulated that PDX models may more accurately reflect clinical responses espe-
cially in situations more complicated than single oncogene-driven tumorigenesis. In 
addition, the diversity and heterogeneity of PDX models allow a mouse clinical trial 
in which every model represents a distinct cancer patient. This is especially valuable 
for a population study aimed at discovering patterns of response or predictive fea-
tures of a patient population. One example is a study by Bertotti et al. using a cohort 
of 85 PDX models of metastatic colorectal cancer (mCRC) to show HER2 amplifi-
cation not only as a biomarker for resistance to EGFR inhibition but also as a posi-
tive predictor of response to HER2-targeting agents in wild-type mCRC tumors for 
KRAS, NRAS, BRAF, and PIK3CA. This type of study can only be performed with 
a large panel of heterogeneous PDX models [63].

There have been a number of studies comparing the response rates observed in 
PDX model panels in the preclinical setting with those in the clinic. For instance, 
several reports have demonstrated that, in the case of breast cancer, PDXs recapitu-
late the heterogeneity of treatment responses seen in the clinic for the same treat-
ments and, more importantly, the response patterns were concordant with the 
original corresponding patients’ responses [56, 58, 64]. Similar observations were 
made for chemotherapeutic agents [65–67], underscoring the potential predictive 
value of these models in estimating treatment outcome. Although most of the stud-
ies comparing PDX responses with clinical responses have been retrospective, some 
prospective studies such as the one by Hidalgo et al. [68] have demonstrated early 
success and real-world potential to use antitumor efficacy of various drugs in PDX 
models to guide treatment decisions for patients from whom the corresponding 
models are established. While there are key practical and regulatory hurdles, such 
as time required for model establishment, variability and unpredictability of engraft-
ment efficacy, and growth rate, the clinical utility of personalized PDXs is an impor-
tant area for further investigation.

As discussed earlier, PDX models retain the molecular features and the hetero-
geneity existing in the original human tumor and therefore are useful for studies 
characterizing mechanisms of drug resistance [69]. For example, a study by Dong 
et al. [70] identified foci of resistant cells after cisplatin-based treatments in overall 
responsive NSCLC PDXs. Similar drug-resistant cells also occur in patients after 
partial or even complete response and are therefore potentially responsible for 
tumor recurrence. Despite the expanding repertoire of new anticancer drugs, treat-
ment failure due to primary or acquired resistance remains an almost inevitable 
outcome in most solid tumors. Intrinsic (inherent) or acquired drug resistance 
remains a fundamental cause of therapeutic failure in cancer therapy. Taking EGFR, 
for example, various mechanisms of resistance to EGFR-TKIs have been reported 
in the clinic and reproduced in PDX models. These potential mechanisms include 
T790M mutation [71]; c-Met amplification [72]; activation of alternative pathways 
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such as IGF-1, HGF, PI3CA, and AXL [73, 74]; transformation to mesenchymal 
cells [75]; or small cell features [76]. Recent data further suggested that some of the 
mechanisms, such as T790M mutation, could be present in a small subset of cancer 
cells before the treatment [52, 73, 77]. Under treatment, these cells would outlive 
and outgrow the treatment-sensitive cells and eventually emerge as the dominant 
population of the resistant tumor.

It is important for the academic and industrial investigators to have access to PDX 
models recapitulating refractory cancer. Nowadays, most anticancer drug candidates 
entering clinical development are tested in late-stage cancer patients who have previ-
ously failed several lines of chemo- and/or targeted therapies [78]. However, most 
PDX models currently available are derived from tumor specimens from treatment 
naïve patients, and the number of treatment refractory tumor PDX models is very 
limited. Another challenge is that for the models that are established from clinically 
refractory tumors, whether or not they remain refractory to the same treatment in the 
mouse, has not been well documented, with the exception that mutation-driven resis-
tance to targeted therapies are usually faithfully preserved. Therefore, a concerted 
effort in establishing and characterizing refractory PDX models is needed to better 
serve the need of translating preclinical efficacy into clinical benefit.

�Lack of Fidelity in Immune Microenvironment

A key limitation of PDX models based on engraftment in severely immunocompro-
mised mice is the lack of a fully functional immune system and the imperfect cross 
talk between murine and human cells [17, 79, 80]. As discussed earlier, human 
immune components are generally present in the initial grafts but will disappear 
after several passages in vivo. Therefore, currently available PDX models have very 
limited utility for therapeutic agents whose pharmacological activities require the 
presence of an intact host immune system. Humanization of the host immune sys-
tem [81, 82] can, in theory, partially address the issue. However, to prevent rejection 
of engrafted tumor, the humanized immune cells have to precisely match the tumor, 
a critical limiting factor, in addition to the prohibitory cost and poor success rate, 
limiting the practical application of the humanized PDX models.

�The Stability of PDX Models

Generally speaking, as discussed earlier in this chapter, established PDX models are 
considered relatively stable with respect to key genomic features, gene expression 
patterns, clinically relevant biomarkers, and treatment responses [20, 24].

On one hand, stability is a desirable feature for in vivo models in that it can 
potentially provide reproducibility and reduce intra- and inter-experimental noise. 
On the other hand, stability is often achieved by sacrificing the heterogeneity and 
diversity of original tumors and through clonal selection and enrichment. As a mat-
ter of fact, cell lines and cell line-derived xenograft models are very stable models, 
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and the data are highly reproducible across different geographic locations and times. 
Therefore stability is not a distinguishing factor for PDX models, especially low 
passage ones. As discussed earlier, due to their inherent nature of heterogeneity at 
both molecular and histological levels, clonal selection and clonal evolution are 
inevitable during the initial establishment and subsequent passaging of the models, 
leading to qualitative and quantitative differences between passages and tumor-
bearing mice [17, 24, 41].

�Conclusions

PDX models have gained much attention and momentum in the past few years as 
they are becoming increasingly available and affordable and are believed to offer 
a superior predictive value over conventional cell line xenograft models. Ample 
data indicated that PDX models maintain molecular, histological, and functional 
heterogeneity, as well as molecular and genetic characteristics reflective of origi-
nal human tumors. Emerging data start to indicate better a predictive value of the 
PDX models in translating preclinical efficacy into clinical benefit to patients. At 
the same time, one cannot overlook the limitations of PDX models and should 
take their shortcomings into consideration when designing and interpreting stud-
ies. Collectively, these new developments emphasize the importance of employ-
ing PDX models in key areas of oncology drug discovery and development 
(Fig. 3.1) [83].
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NOD	 Nonobese diabetic
NSG	 NOD scid gamma
PDTX	 Patient-derived tumor xenograft
PDX	 Patient-derived xenograft
SCID	 Severe combined immunodeficiency

�Introduction

One of the main goals of oncology research is to study the molecular, genetic, and 
pathological characteristics of cancer to be able to predict growth, metastasis rates, 
and response to therapeutics. With over 100 different types of cancer [1], heteroge-
neity within a single tumor, within multiple tumors in the same patient, and differ-
ences between patient to patient with the same type of cancer, one of the biggest 
reasons for high failure rates in cancer therapeutics is the lack of models that faith-
fully recapitulate this heterogeneity. The first models of human cancer were derived 
via cell culturing techniques. In vitro culturing of cells involves adaptations that 
allow for the cells to survive outside of their normal three-dimensional environ-
ment. The in vivo environment of cancer cells often involves cancer growth-sup-
porting cell types, cytokines, and growth factors from the patient, which are difficult 
to recapitulate in modeling. In vitro, the cancer cells must learn to survive without 
that environment, which generally leads to genetic aberrations, altering the 
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phenotype and ultimately, the response to therapeutics. These genetic aberrations 
are not reversed when the cancer cell lines are transplanted in vivo, often resulting 
in a tumor with different growth kinetics, rates of metastasis, and response to thera-
peutics in comparison to the originating tumor. Advances in three-dimensional tis-
sue culture, which often involves supplying the cancer cells with extracellular 
matrices and co-culturing with support cell types, have provided improved in vitro 
modeling of the tumor microenvironment [2–4]. Three-dimensional or spheroid cul-
tures more accurately mimic cell–cell and cell–matrix interactions, hypoxia 
observed in tumors, and drug penetration of the tumor. This method is faster to 
develop and more cost-effective than using animals, but in vivo modeling of cancer 
remains the most widely used method in preclinical trials of chemotherapeutic 
agents.

In vivo human tumor growth has been possible due to the ability to genetically 
modify research animals. In particular, the laboratory mouse has been a vital com-
ponent of cancer biology research due to the plethora of immunodeficient mouse 
strains which allow growth of human cells without rejection. There are still draw-
backs to the mouse model of human xenografts, including low cell engraftment rate, 
variability in growth kinetics and histopathology from mouse to mouse transplanted 
with the same cancer cell line, and lack of survival for some cancer cell lines, even 
when transplanted into several different mouse strains. Although minimally inva-
sive routes of cancer cell line administration exist such as subcutaneous implanta-
tion, this method has the lowest cell survival rate. Other more invasive methods are 
hindered by technical difficulties with surgical manipulation of the mouse. In addi-
tion, the mouse’s relatively small size equates to small tumor size due to humane 
endpoints and small volumes of blood sampling, resulting in an incomplete analysis 
or splitting the analysis over multiple animals.

More recently, patient-derived xenografts (PDXs) have become popular in the 
field of cancer research. This involves taking a fragment from a tumor that has been 
surgically removed or biopsied and transplanting it directly into an animal. Serial 
transplantation results in a bank of animals with theoretically the same tumor as 
the patient, allowing for therapeutic testing with multiple drugs. While PDX mod-
els more accurately reflect the biology of the original tumor, the field is still ham-
pered by low engraftment rates. If 100 different PDX tissues are subcutaneously 
transplanted into the same rodent strain, in general, only 20–30 of those will grow 
and form tumors. In addition, most PDX transplantations are done with mice, 
which results in small sample sizes, meaning at least 2–3 serial transplantations 
must occur to have sufficient animals for downstream studies. Nevertheless, PDX 
models are the most promising choice for personalized medicine to determine 
which treatment regimen will be most successful with the lowest toxicity for each 
individual patient [5].

Recent advances in technology for altering the genome have led to the advent of 
targeted genetic modifications in the rat. These include rats with knocked-out 
genes implicated in the development and function of the immune system. Such 
immunodeficient rats, like their mouse counterparts, can potentially be engrafted 
with multiple different types of cancer with the same efficiency or higher. An 
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advantage of using the rat as a model system is the means to grow larger tumors 
and therefore obtain larger sample sizes and volumes of blood for analysis. In addi-
tion, the rat’s larger size equates to easier surgical manipulation. Furthermore, the 
rat is the species of choice for toxicology research and is physiologically more 
similar to humans than the mouse. One could hypothesize that this could result in 
better host–tumor interactions and, therefore, more accurate modeling of tumor 
growth and pathology.

This chapter will briefly review advances in mouse strains used for human cancer 
growth and PDX modeling in mice and discuss the possibility of using the rat for 
PDX modeling.

�Mouse Models of Human Cancer

�Immunodeficient Mouse Strains

One of the biggest pieces of the rodent–human xenograft puzzle is the immune 
status of the recipient animal. To avoid rejection of the human cells, the animal must 
be immunodeficient. While it is imperative that the animal lacks T cells, lacking 
mature B and NK cells also enhances human cell engraftment. Likewise, defective 
macrophages greatly enhance human cell survival in the rodent.

Perhaps the most widely used immunodeficient mouse strain is the NSG or NOD 
scid gamma mouse. This mouse, developed by the laboratory of Dr. Leonard Shultz 
at The Jackson Laboratory, harbors a functionally null allele for the IL2 receptor 
gamma chain (Il2rgtm1Wjl) and the severe combined immune deficiency mutation 
(Prkdcscid) on the nonobese diabetic NOD/ShiLtJ background [6]. Phenotypically, 
this mouse lacks mature B, T, and natural killer (NK) cells. In addition, it has defec-
tive dendritic cells and absent complement factors, and the NOD background con-
fers higher human cell engraftment rate, especially with regard to immune cells, 
compared to any other immunodeficient mouse strain [7–10]. Together, this makes 
that the NSG mouse strain allows the widest range of cancer cell lines and human 
cell types to be engrafted. The less well-known NOG mouse from Taconic (NOD.
Cg-Prkdcscid Il2rgtm1Sug/JicTac) has a similar phenotype and, therefore, likely a simi-
lar portfolio of human cell types that are able to be engrafted [11].

Before the NSG mouse was established, variations of immunodeficiencies were 
achieved with different mutations. The Nude (Foxn1nu) mouse is athymic and lacks 
T cells [12] but has a normal complement of B and NK cells, limiting its potential 
for human cell grafting. However, it is one of the oldest and most published immu-
nodeficient mouse strains, the least expensive commercially available one, and is 
hairless, making it more accessible to researchers and appealing due to the ease of 
imaging tumors in the animal. The Rag1 or Rag2 single knockout mice lack B and 
T cells but have a normal repertoire of other immune cells [13–15], resulting in suc-
cessful engraftment of some, but not all human cell types and human cancers. 
Similarly, the Prkdcscid mouse lacks B and T cells but has functional macrophages 
and NK cells [16]. The scid mouse is also hampered by strain-dependent leakiness. 
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The IL2 receptor gamma chain knockout mouse lacks NK cells [15], such that when 
combined with the Rag2 knockout, the double knockout mouse lacks B, T, and NK 
cells, expanding the number of cancer cells types that can potentially be success-
fully engrafted into the animal.

�Cell Lines for Cancer Modeling In Vitro and In Vivo

Although this chapter is aimed at introducing the possibility of human PDX model-
ing in the rat, it is important to review what is known about human cancer modeling 
in the mouse. We will briefly review cell-based mouse models of human cancer; 
however, gene-based models do exist in which an oncogene, or gene implicated in 
human cancers, is mutated in the mouse to mimic tumor growth [17]. In those cases, 
the tumors are of mouse origin. Cell-based models of human cancer involve trans-
planting human cancer cells into the animal. Historically, cells isolated from primary 
human tumors are cultured and then implanted into the mouse. Establishing cancer 
cell lines offers the advantage of being able to genetically manipulate the cells, espe-
cially with regard to inserting a reporter gene that can be used to track tumor growth, 
metastasis, and response to therapeutics. Most commonly, these reporter cell lines 
express GFP (green fluorescent protein) or luciferase for real-time imaging of tumors 
in live animals through the course of the study. Cell lines have been established for 
nearly every type of cancer in existence and are generally commercially available to 
all researchers. Combined with relative ease of propagation, cancer cell lines provide 
an attractive means of modeling molecular and genetic aspects of their respective 
primary cancers. In addition, many biotech companies offer profiles for specific can-
cer lines, even selling animals pre-engrafted with cell lines. For example, Charles 
River has an extensive database of cancer cell lines with growth profiles in the Nude 
mouse but also lists popular cancer cell lines for which they do not have a profile, 
possibly because those cell lines do not survive in mouse models that have been 
tested. The Jackson Laboratory also offers similar xenografted mouse models.

As previously mentioned, in vitro culturing often leads to accumulation of genetic 
aberrations, altering the phenotype of the cells, and ultimately to a tumor in the 
mouse that differs in growth and pathology compared to the original patient’s tumor. 
Notably, these genetic aberrations often result in a phenotypically homogeneous 
population, which leads to an in vivo tumor that does not represent the heterogeneity 
of the original tumor. Therefore, oncology drug testing results obtained with cultured 
cell lines and cell-based tumors do not accurately predict therapeutic efficacy in the 
patient, leading to high attrition rates of chemotherapeutic clinical trials [18].

The inadequacies of preclinical drug efficacy trials have pushed oncology 
researchers to devise cancer models that more accurately mimic tumor pathobiol-
ogy. This led to an increased interest in transplanting tumor tissue directly from the 
patient into the animal, in hopes that eliminating enzymatic processing and cell 
culturing would produce a tumor in the animal that more closely resembled that of 
the patient. The cancer model based on this concept has become widely known as 
the patient-derived xenograft (PDX).
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�Patient-Derived Xenografts

The concept of patient-derived xenografts (PDX) or patient-derived tumor xeno-
grafts (PDTX) is not a new one. Transplanting primary tumors from patients, in 
conjunction with cell line-based xenografts, has been used for preclinical drug 
screening of novel chemotherapeutics for a couple of decades [19]. Historically, 
cancer cell lines have been used more widely than primary tumor biopsies, but inter-
est in PDX modeling has increased in recent years. The complexity of cancer has 
shed light on the idea that developing PDX animal models with the same type of 
cancer from multiple patients will enhance our knowledge of the genetic diversity 
of the disease and allow us to develop better and more widely successful 
therapeutics.

PDX models arise when a small piece of tissue obtained from a tumor resection 
is implanted into an immunodeficient mouse, usually subcutaneously (Fig. 4.1). Not 
all PDX transplants survive and grow, but some grow and form a large tumor in the 
animal, which can then be removed, manually cut into smaller pieces, and serially 
transplanted into multiple mice. This process is repeated until a sufficient number of 
animals with tumors of appropriate size are obtained for drug efficacy testing. In 

Surgically
resected tumor

Transplant
into 1–2
animals

Serial
transplantation

into multiple
animals; repeat
until sufficient

cohort is achieved

Fig. 4.1  Schematic representation of establishing PDX models. A tumor is surgically removed or 
a tumor biopsy is taken from the patient. Any tissue remaining after clinical analysis is provided to 
researchers who then directly transplant the intact tissue into a rodent model. If the tumor survives 
and grows, it can then be removed from the primary rodent recipient, chopped into smaller pieces, 
and serially transplanted into secondary, tertiary, etc. recipients until a cohort of rodents with 
tumors derived from the original PDX tissue is obtained. These cohorts of animals are then sub-
jected to downstream assays such as drug efficacy testing and molecular and genetic analysis to 
determine how closely the rodent tumors resemble the patient’s tumor. A portion of the tumor is 
cryopreserved at each serial transplantation and can be used for future or follow-up studies
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some cases, the primary tumor obtained from the patient is enzymatically digested 
to obtain single cells or small clusters of cells for in vitro culturing or in vivo sub-
cutaneous, orthotopic, subrenal capsular, or intravenous transplantation, but in most 
cases, PDX models are established without the tumor tissue ever coming into con-
tact with tissue culture plastic or enzymes.

Locations of PDX engraftment vary, but the subcutaneous graft site is the 
most widely used. Subcutaneous transplantation is advantageous because tumor 
monitoring and measurement is easiest with this method. In addition, tumor 
implantation and surgical removal of the tumor are less invasive than when other 
methods are used. However, subcutaneous transplants have the lowest engraft-
ment rate, at 40–60% [20]. Subrenal capsular transplantation results in the high-
est engraftment, i.e., ~95% [21]. However, this method requires a surgical 
procedure under anesthesia, is the most difficult transplantation technique, and 
increases stress and pain inflicted on the animal. Another disadvantage of sub-
renal capsular transplantation is that monitoring of the tumor in an intact animal 
is impossible without an imaging technique such as fluorescence or lumines-
cence; in which case, the tumor must be labeled with a tracking protein. While 
there exist many GFP/RFP/other fluorophore-labeled or luciferase-expressing 
cancer cell lines, creating a reporter PDX tissue would likely require dissocia-
tion of the tumor into single cells or small cell clusters. As mentioned previ-
ously, most PDX researchers prefer to transplant patients’ cancer tissue directly 
into the animal.

PDX models offer several advantages over cancer cell cultures and traditional 
cancer modeling by growing cultured cancer cells in animals. One of the most impor-
tant advantages of PDX models is that they retain major genetic, molecular, and 
histopathological characteristics of the original tumor, including, to a great extent, its 
heterogeneity [22–25]. PDX tissues that grow in the mouse can be removed and seri-
ally transplanted multiple times, and data suggest that the tumors derived from serial 
transplantation retain genetic, molecular, and pathological characteristics of the orig-
inal tumor through successive passages [24, 26]. Therefore, in vivo PDX models 
offer the possibility to create banks of animals with the same tumor found in a patient 
which can then be used to test therapeutic efficacy of multiple chemotherapeutics 
and small molecules to predict the most effective treatment regimen.

Many institutions now offer panels of PDX tissues and animals pre-engrafted 
with PDX tissues. Such PDX tissues are generally cryopreserved and engraftment-
verified and may be characterized in terms of genetics and molecular makeup. 
Medical centers and hospitals associated with cancer research centers offer a unique 
advantage to researchers whereby they can obtain freshly isolated tumor biopsies 
from patients for direct transplantation into the animal.

�Predicting Clinical Outcomes with PDX Models
With the increased interest in PDX models in the mouse, researchers have been build-
ing a portfolio of how accurately the PDX model mimics the patient’s tumor, especially 
with regard to treatment outcomes. For example, one group created PDX lines by trans-
planting 49 fresh primary tumors from breast cancer patients into NOD-SCID mice 
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[27]. Although only 37% of the samples formed tumors, 12 PDX lines from ten differ-
ent patients were maintained for several rounds of serial transplantation. These tumors 
represented a variety of breast cancer genetic backgrounds. Their data suggested that 
the xenografts accurately modeled tumor pathology and molecular characteristics of 
the original tumors. In addition, xenograft survival was found to correlate with patient 
prognosis. For example, tumors that were not successfully engrafted, or grew poorly, 
were derived from patients whose prognosis was positive. On the contrary, well-grow-
ing xenografts correlated with aggressive disease outcomes in patients. Many similar 
studies have been published for other types of cancer indicating that the PDXs reflected 
disease progression, therapy response, and disease outcomes of the patients. These 
include non-small cell lung cancer [23, 28], ovarian cancer [29], colorectal cancer [30], 
renal cell carcinoma [31], pancreatic cancer [32], and others as reviewed by Malaney 
et al. [5]. Tentler et al. have also systematically reviewed PDX models in the mouse and 
how treatment outcomes reflect what is seen in the patient [25].

�Caveats to PDX Modeling
While PDX modeling in animals holds great promise, the one inadequacy of PDXs 
is that, on serial transplantation, the human stroma, vasculature, and the entire tumor 
microenvironment is replaced by host tissues [33]. The tumor microenvironment 
and tumor–stroma interactions and cross talk then do not completely recapitulate 
what is seen in the patient. Orthotopic transplants can more accurately reflect 
tumor–stroma interactions due to similarities of the host tissue to the site of origin 
of the patient tumor. However, rodent–human cell–cell interactions still do not fully 
recapitulate tumor–stroma interactions seen in the human patient.

Recent advancements in rodent humanization, where various tissues are recon-
stituted by human cells, could provide an even more advanced model to study cross 
talk between the tumor, the microenvironment, and immune system.

�Mouse Humanization for Better Host–Patient  
Tumor Interactions

As mentioned previously, the stroma and vasculature supporting human tumor 
xenografts in well-established rodent models are derived from host cells. This is 
also true for host immune cells that invade the tumor. Thus, the tumor microen-
vironment in a xenograft rodent model does not fully recapitulate what is 
observed in the patient. Humanizing the immune system of the host has faced 
many challenges despite the variety of available immunodeficient mouse strains, 
especially with respect to proper lymphocyte development and function and 
cytokine production [34]. The development of the NSG mouse and other simi-
larly immunodeficient mice has provided a platform for humanizing the immune 
system with relatively high efficiency compared to less immunodeficient models 
that still harbor NK cells and functional macrophages. Growing human cancer 
xenografts in an immune-humanized rodent is particularly appealing in view of 
the complex cross talk between the tumor and the immune components of the 
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stroma [33, 35]. In addition, the immune system plays a role in the body’s fight 
against cancer and, thus, may affect chemotherapeutic efficacy. It is hypothe-
sized that one of the reasons human cancer xenografts in the rodent do not faith-
fully predict therapeutic efficacy is because the immune component of the stroma 
is derived from the host, and not of human origin [36, 37]. Therefore, a human-
ized rodent could better predict therapeutic outcomes. Furthermore, a humanized 
immune system would allow for better understanding of the mechanism behind 
immune-mediated antitumor activity. One could also imagine that with a human-
ized immune system, the rodent would provide a platform for studying cancer 
immunotherapy, such as that being developed with chimeric antigen receptor T 
cells (CAR-T) [38, 39].

�Rat Models of Human Cancer

�The Nude Rat

Until recently, one of the only rat strains that could accept human xenografts was 
the RNU/nude rat (NIH-Foxn1rnu). This athymic rat is devoid of mature T cells but 
still contains B and NK cells and macrophages [40, 41], limiting its capacity for 
engraftment and growth of human cell types. While the nude rat has been useful for 
studying several commercially available cell lines, the number of different cell types 
that have been successfully grown in the nude rat is far less than that achieved with 
the NSG mouse. In addition, there are no reports of the nude rat successfully being 
used to grow and expand PDX tissues.

�Genetically Modifying the Rat

One key feature that allows the mouse to be amenable to human xenograft trans-
plantation is the plethora of immunodeficient strains. Several different models exist 
with different immunophenotypes that lead to varying efficiencies of growing 
human cells. The mouse has had a clear advantage over the rat with regard to genetic 
modifications. The first genetically modified mouse was created by inserting DNA 
into the embryo in 1974 [42]. Since then, hundreds of different genes have been 
deleted, mutated, and inserted using embryo transgenesis or mouse pluripotent stem 
cells. Until recently, genetically modifying the rat has faced many challenges that 
have previously been overcome in the mouse. Despite the ability to isolate bona fide 
rat embryonic stem cells (ESCs) [43, 44], few groups have demonstrated gene mod-
ification or germline transmission using such cells, aside from Transposagen 
Biopharmaceuticals, Inc., who has successfully created transgenic rats using rat 
ESCs modified with the piggyBac transposon system. However, prior to the isola-
tion of ESCs, the only methods that could be used for gene modification in the rat 
were through random mutagenesis, using the chemical ENU or through somatic cell 
nuclear transfer, also known as cloning, which is highly inefficient.
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In 2009, a new technology using zinc finger nucleases was developed for tar-
geted gene disruption. Since then, similar and more efficient technologies, such as 
TALENs and the CRISPR/Cas9 system, have emerged, paving the way for creating 
knockout and knock-in rats to complement the mouse models. Furthermore, the use 
of transposable elements, such as the sleeping beauty transposon and piggyBac 
transposon [45, 46], has enhanced the efficiency of modifying the rat genome.

Using TALENs and the CRISPR/Cas9 system, Transposagen Biopharmaceuticals, 
Inc., has pioneered the creation of genetically modified rats. In their quest to transform 
rat genetics, they created two immunodeficient rat models. Using TALENs (XTN™), 
Transposagen targeted the Rag2 locus in spermatogonial stem cells (SSCs). The SSCs 
offer a distinct advantage of generating founder animals in the first generation, expe-
diting the process of creating a knockout animal [47–49]. Transduced SSCs are trans-
planted into sterile DAZL-deficient male rats, who can then pass on gene mutations 
directly to offspring when mated. The Rag2-targeted SSCs gave rise to a rat with an 
in-frame deletion resulting in an immunodeficient phenotype.

In addition to the single Rag2 knockout, Transposagen created a Rag2/Il2rg dou-
ble knockout rat using the CRISPR/Cas9 system to target the genes in the rat 
embryo. This system is efficient in that the plasmids to target both genes were 
injected into the embryos simultaneously, resulting in a founder with out-of-frame 
deletions in both genes.

Hera BioLabs, Inc., a spin-off contract research organization from Transposagen, 
has licensed the Rag2 and Rag2/Il2rg knockout rats for commercial services. Hera 
has characterized the immunophenotype of both knockout rats and is qualifying 
them for their ability to accept human cancers, PDX tissues, as well as other non-
cancer human cell types. The Rag2 knockout rats lack T and B cells but have an 
increased population of NK cells compared to wild type. The Il2rg single knockout 
results in significantly reduced numbers of NK cells, such that the combined knock-
out of Rag2 and Il2rg results in a loss of B, T, and NK cells, similar to the immuno-
phenotype of the Rag2/Il2rg double knockout mouse.

Transposagen is only one of several groups that have created immunodeficient 
rats. Horizon Discovery markets SAGE® rodent research models which include 
several immunodeficient rats such as the Rag1 knockout, the Rag2 knockout, and 
the Prkdc knockout rat, which is similar to the Prkdcscid knockout mouse. There are 
also academic groups that have created their own Rag1 knockout rats [50], Prkdcscid 
rats [51], the Il2rg single knockout rat [52, 53], and a rat that lacks both the Prkdc 
and Il2rg genes, referred to as the FSG (F344-scid gamma) rat [51]. These immuno-
deficient rats provide the possibility of humanizing organs and tissues in the rat as 
well as modeling human cancers.

�Human Cancer Xenografts in the Rat

The first reports of human cancer cell line engraftment in the Nude rat sug-
gested that cancer lines that could be engrafted and serially transplanted in the 
Nude mouse could also be engrafted and grown in the Nude rat [54, 55]. 
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However, the efficiency of engraftment into the Nude rat was found to decrease 
with age, and there was evidence of tumor regression over time. Although the 
Nude rat offers several advantages over the Nude mouse, including larger 
tumor size, severely immunodeficient mouse strains are more widely used due 
to the higher efficiency of tumor engraftment.

The advances in genetic engineering of the rat and the generation of rats 
with a higher degree of immunodeficiency than the Nude rat offer the possibil-
ity of engrafting a wider range of human cancers and possibly human PDX 
tissues. Hera BioLabs has performed several studies to determine engraftment 
potential of different human cancer cell lines in the Rag2 single knockout rat. 
In the first pilot study, a small cohort of Rag2 null rats was injected intrave-
nously with the human acute lymphocytic leukemia (ALL) cell line, 
REH. Although the leukemia cells were only detected at very low levels in the 
peripheral blood (<1%), the cells formed tumors in the lungs and lymph nodes 
of the recipients. A spinal cord tumor consisting of human cells was also found 
in one animal.

A human glioblastoma cell line, U87MG-FLuc, was transplanted subcutane-
ously in the Rag2 knockout rat. All six animals transplanted with the cells, but no 
heterozygous animals, formed tumors. The tumors grew aggressively, and all tumors 
reached humane endpoint limits within 45 days of transplantation. Images of tumors 
found in recipients are shown in Fig. 4.2a. Immunohistochemical analysis of the 
tumors using an antibody that specifically recognizes a protein found in the mito-
chondria of all human cells, but not in the cells of other species, demonstrated that 
these tumors were comprised of human cells (Fig. 4.2b, c).

Three more human leukemia cell lines (KOPN-8, MOLM-13, and MV-4-11) 
in a third study were transplanted intravenously into the Rag2 knockout rat. 
Preliminary results suggest that these cells can be found at low levels (<1%) in 
the peripheral blood of recipients as early as 4 weeks posttransplantation. Similar 
to the first pilot study with the REH acute lymphocytic leukemia cell line, these 
leukemia cell lines also formed tumors in the lymph nodes and spinal cord of 
recipients. Although the mechanism underlying solid tumor formation from 
human leukemia cell lines is unknown, it is speculated that these cells cannot 
successfully be engrafted into the bone marrow because the animal is not suffi-
ciently immunodeficient. Supporting this are data suggesting that even the NOD/
SCID and NSG mouse strains must undergo irradiation in order for human 

Fig. 4.2  Subcutaneous human glioblastoma U87MG growth in the Rag2 single knockout rat. 
1 × 106 U87MG cells resuspended in Geltrex were injected subcutaneously into Rag2 null rats. (a) 
Tumor growth in two Rag2 single knockout animals with images of their excised tumors below. (b) 
Brown staining of human mitochondria protein in a tumor section demonstrating the presence of 
human cells, with (right) and without (left) hematoxylin counterstain, 40× magnification. (c) The 
antibody for human mitochondria protein does not show staining in tissue from a rat that was not 
injected with human cells (negative control). Right panel, with hematoxylin counterstain, 40× 
magnification. Scale bar = 100 μm
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leukemia to be engrafted into the bone marrow [56, 57]. Studies are underway to 
determine the engraftment potential of these cell lines in the Rag2/Il2rg double 
knockout rat to determine if the absence of NK cells enhances engraftment of 
these cell lines and others. In addition, experiments are being performed to 
implant PDX tissues obtained from cryopreserved banks as well as freshly iso-
lated tumor tissue from cancer patients, into the Rag2 single knockout and the 
Rag2/Il2rg double knockout rats.

The Il2rg single knockout rat, the Prkdcscid rat, and the FSG (F344-scid 
gamma) rat are all capable of forming tumors following implantation of human 
ovarian cancer cell lines [25, 50]; human cancer xenograft efficiencies have not 
been determined in the Rag1 knockout rat [8]. These models have yet to be char-
acterized for their ability to support the growth of other human cancer cell lines, 
including those that grow well and those that grow poorly in the mouse, as well 
as PDX tissues.

�Prospects for Human PDX Modeling in the Rat

Preliminary studies suggest that the single Rag2 knockout rat shows promise as 
a recipient for human xenografts. It has been predicted that the Rag2/Il2rg dou-
ble knockout rat, because of its lack of NK cells, will more efficiently support 
the growth of human xenografts and potentially accept a wider range of human 
cancers. These two models can provide researchers with novel tools with which 
to study tumor biology and drug efficacy with several advantages over the cur-
rent mouse models, including relative ease of surgical manipulation, larger 
tumor size, and larger blood volumes for analysis. Since the rat is the preferred 
model for toxicology research, rat–human xenograft models could be appealing 
for downstream drug testing. Furthermore, if we can humanize other host tis-
sues, such as the rat immune system, these humanized rats engrafted with human 
cancers will provide a novel model for studying host–tumor interactions and the 
role of the immune system in cancer treatments. Further genetic modification 
may be necessary to create a rat that phenotypically more closely mimics the 
NSG mouse to be able to humanize the immune system and engraft the widest 
range of human cancer cell lines and PDX tissues. Studies are underway to cre-
ate such an “NSG” rat.
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ABC	 Activated B-cell
AI	 Allelic imbalance
BCR	 B-cell receptor
CAF	 Cancer-associated fibroblasts
CCC	 Consensus clustering classification
CNA	 Copy number alterations
DLBCL	 Diffuse large B-cell lymphoma
ECM	 Extracellular matrix
EGFR	 Epidermal growth factor receptor
HNSCC	 Head and neck squamous cell carcinomas
JUND	 Jun D proto-oncogene
LBCL	 Large B-cell lymphoma
PDXs	 Patient-derived xenografts
TAM	 Tumor-associated macrophages
TGFBR3	 Transforming growth factor b receptor 3
TNBCs	 Triple negative breast cancers
Treg	 Regulatory T-cell

�Introduction

Preclinical cancer models are of paramount importance in the development of anti-
cancer drugs. Xenograft models based on cultured cancer cell lines have played a 
key role in this process. Thus, the NCI-60 cancer cell line panel has been used for 
over 25 years for anticancer drug screening. As valuable a resource as the cell lines 
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have been, their grafts have significant limitations, such as lack of predictive power 
in drug efficacy tests as they fail to mimic the enormous complexity of human can-
cers, including their tumor heterogeneity and tissue architecture. It is also not pre-
cisely known how these cell lines differ genomically and functionally from the 
primary cancer cells from which they were derived. Moreover, they lack clinical 
information, such as treatments administered, patient outcome, response to therapy 
and stage of disease at diagnosis, etc. To overcome such limitations, transplantable 
patient-derived xenografts (PDXs) have been generated in the last decade by 
engrafting fresh human tumor tissue into immunodeficient mice. These PDXs more 
closely mimic the patients’ tumors with regard to tumor microenvironment, retain-
ing interactions between cancer cells and stromal cells. They exhibit a high degree 
of genomic stability in comparison to their parental tumors, even after serial trans-
plantation of tumor sections. As well, a PDX model significantly retains the hetero-
geneity of the tumor from which it is derived.

In this chapter, we review genomic, transcriptomic, and proteomic heterogene-
ities of PDX models, compared to parental tissues, in the light of current advances 
in research and understanding.

�Genomic and Proteomic Heterogeneity of PDX Models

Intra-tumor heterogeneity is thought to stem from two factors: (1) cell autonomous, 
including genomic, transcriptomic, and proteomic heterogeneity and (2) non-cell 
autonomous, for example, stromal heterogeneity. Tumor heterogeneity has clinical 
implications for patient-specific responses to therapy and resistance to targeted ther-
apy [1]. PDX models are capable of retaining tumor heterogeneity, so these models 
have clear advantages over traditional cell line-based models and are becoming the 
preferred tools in drug discovery and preclinical studies [2, 3].

Gaub et  al. established seven PDX models in nude mice for human colonic 
tumors (from stages B1 to D) in order to study correlations between initial tumors 
and PDX models. They used allelotyping analysis to test 45 loci (on 18 chromo-
somes) on the seven original tumors and their sequential PDXs and scored retention 
of the genetic alterations present in the original tumors after xenografting. The orig-
inal tumors showed chromosome profile instability between fragments of the same 
tumor in an allelic imbalance (AI) assay. After the xenografting, all the AIs were 
maintained in PDX models compared to the original tumors, and the maintenance 
of the genetic profiles of the tumors could be observed even after serial transplanta-
tion for up to 14 passages. These results proved that intra-tumor clonal heterogene-
ity was conserved in the PDX models of the seven colonic tumors [4].

In Landen et  al.’s research, it was demonstrated that PDX models of ovarian 
cancer can also recapitulate the original tumor’s heterogeneity. They examined 
oncogenic expression, proliferation, and response to chemotherapy and found that 
xenografts recapitulated the heterogeneity of tumor-initiating cells in the original 
patient tumor, although the stromal component was murine. The PDX models had 
similar oncogene expressions as the original tumor and responded to chemotherapy 
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in a similar manner as the patients from which the original tumors had been har-
vested [5].

Diffuse large B-cell lymphoma (DLBCL) is a heterogeneous B-cell cancer 
defined by signaling and survival pathways, multiple genetic alterations, and tran-
scriptional classifications. Rodig et  al. generated nine large B-cell lymphoma 
(LBCL) PDX models, including eight DLBCL and one plasmablastic lymphoma. 
They used whole-exome sequencing to identify mutations and chromosomal altera-
tions and whole-transcriptome sequencing to classify cells of origin and consensus 
clustering classification (CCC) subtypes. Six of the eight DLBCL models were acti-
vated B-cell (ABC)-type tumors and exhibited ABC-associated mutations such as 
CARD11, CD79B, MYD88, and PIM1. The other two DLBCL models were germi-
nal B-cell type and showed alterations of CREBBP, EZH2, and GNA13 and chro-
mosomal translocations involving IgH and either BCL2 or MYC. Six of the eight 
DLBCL PDX models were B-cell receptor (BCR)-type tumors identified by CCC 
criteria, and they exhibited BCR selective surface immunoglobulin expression. The 
reflection of the transcriptional, genetic, and immune-phenotypic heterogeneity of 
primary DLBCL in PDX models indicates that PDX models for DLBCL are effec-
tive and faithful as reported for solid tumors [6].

PDX models have been developed for a few malignancies, including colonic [4, 
7], ovarian [5], pancreatic [8], and breast cancers [9, 10], non-small cell lung can-
cers [11], as well as large B-cell lymphoma [6] and medulloblastoma [12]. Although 
these PDX models were shown to closely recapitulate the histology and gene 
expression patterns of the primary tumors, some genomic, transcriptomic, or pro-
teomic differences were also observed between the PDXs and the patients’ tumors.

In Fang et al.’s study, a collection of PDX models for hepatocellular carcinoma 
(HCC) was established. These models recapitulated the complexity of the original 
tumors, including gene expression profiles, mutational status, and DNA copy num-
ber alterations (CNA), with few differences found. For example, of the gene expres-
sion profiles, genes related to DNA replication and cell cycling were upregulated in 
the PDXs. They compared 286 HCC patient samples with 42 HCC PDX models and 
found copy number gains in the following genes: PBX1 (76.2%), PRCC (76.2%), 
ARNT (61.9%), BCL9 (59.5%), MTDH (52.4%), COX6C (52.4%), ABL2 (50%), 
MET (42.9%), CCND1 (16.7%), FGF19 (14.3%), and losses of AFF1 (76%), 
RAP1GDS1 (71%), WRN (71.4%), PCM1 (71.4%), WHSC1L1 (66.7%), RB1 
(59.5%), BRCA2 (57.1%), CDKN2A (57.1%), CDH1 (50%), CDKN2B (45.2%), 
TSC2 (38.1%), SMAD4 (33.3%), APC (28.6%), STK11 (26.2%), WT1 (23.8%), 
MLH1 (21.4%), TNFAIP3 (21.4%), PTEN (19.1%), CDKN2C (16.7%), ARID1A 
(14.3%), and TNFRSF14 (11.9%). The results suggest that oncogenes were enriched 
during the xenografting [13].

Mardis et al. established a panel of PDX models for human basal-like breast can-
cer and analyzed four DNA samples for one patient to get genomic information on 
peripheral blood, primary tumor, brain metastasis, and the xenograft derived from the 
primary tumor. Compared with the primary tumor, the metastasis exhibited enrich-
ment for 20 shared mutations, a large deletion not present in the primary tumor and 
two de novo mutations. The PDX models retained all primary tumor mutations as 
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expected, while the mutation enrichment pattern of the PDX highly resembled that 
of the metastasis. They identified 50 novel somatic point mutations and small indels 
(insertion/deletion). The wide range of mutant allele frequencies displayed genetic 
heterogeneity in the cell population of the primary tumor. The mutation frequency 
range narrowed in the brain metastasis and PDX, which may indicate that the meta-
static and xenografting processes selected for cells carrying a distinct subset of the 
primary tumor mutation repertoire. The overlap between the mutation frequency 
both changed in the metastatic and xenograft samples suggested that cellular selec-
tion during xenografting was similar to that during metastasis [14].

Differences between original tumors and PDX models have also been observed in 
head and neck squamous cell carcinomas (HNSCC). Grandis JR et al. compared the 
protein expressions of PDXs with those of HNSCCs and found that, whereas the 
majority of proteins were similarly expressed, 64 proteins were differentially 
expressed in the PDXs: 30 proteins showing increased expression, whereas 34 
showed reduced expression. There were only six proteins, i.e., AKT, c-Myc, PR, 
BCL2, c-Kit, and HSP70, with more than half of the PDX models outside the expres-
sion range of primary HNSCCs. AKT, c-Myc, and PR showed increased expression 
in PDXs, whereas the expressions of BCL2, c-Kit, and HSP70 were decreased. This 
protein expression panel indicates that proteins associated with cell proliferation 
may be preferentially selected during the development of the xenografts [15].

Differences between original tumors and PDX models have been reported for 
several types of cancer, such as breast [14, 16, 17], colonic [18], and liver cancer 
[13] and head and neck squamous cell carcinoma [15]. The differences may be 
explained by the following theories: (1) In response to stress-inducing events, spe-
cific cells which had preference expression patterns could survive more easily than 
others, (2) the xenografts evolve dynamically in order to adapt to growth in different 
hosts [17], (3) the replacement of the human stroma with mouse stromal cells after 
engraftment, and (4) loss of non-transformed epithelial cells.

�PDX Models Retain Cell-Autonomous Heterogeneity

Human tumor heterogeneity creates a complex microenvironment that enables cell 
growth, development of therapy resistance, and metastasis [19, 20]. Cell lines cul-
tured from cancer samples which were collected decades ago are still used in labo-
ratories, yet pronounced differences in molecular profiles have been found between 
commonly used ovarian cancer cell lines and high-grade serous ovarian cancer 
samples [21]. In vitro cell cultures lack the stroma and mesenchymal elements pres-
ent in human tumors to generate the paracrine production of growth factors and 
signaling pathways necessary to support tumor proliferation and metastasis forma-
tion [22–24]. Continuous subculturing of cells and passaging with enzyme treat-
ment used for in  vitro cell maintenance may be selecting a genetically and 
phenotypically uniform cancer cell subclone that flourishes in the plastic dish of the 
laboratory setting which, however, lacks the heterogeneous microenvironment seen 
in human tumors [25].
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Because in vitro cell cultures lack heterogeneity, researchers have investigated 
alternative models that more closely resemble human tumors. Xenograft models, 
generated by engrafting established cell lines in mice, are widely used by research-
ers, but the functional utility [26] and the accuracy of such conventional xenografts 
lacking the donor tumor heterogeneity and tumor microenvironment [27] have been 
questioned. For decades, preclinical research in malignancies has largely relied 
upon cloned cancer-derived cell lines and tumor xenografts derived from these cell 
lines. However, the cell lines used for translational research have disadvantages, as 
genetic and phenotypic alterations from serial passaging have resulted in expression 
profiles that are different from those of the original patient tumors. Preclinical mod-
els, such as cell line-based xenograft models, often fail to retain the diverse hetero-
geneity of human tumors and hence lack clinical predictive power.

Intra-tumoral heterogeneity plays an important role in driving the extent of drug 
response and the development of therapy resistance. The existence of multiple sub-
clones in human tumors explains variable response rates to therapy, even within a 
single tumor mass, and the rapid emergence of drug resistance. For example, the 
presence of a minor KRAS-mutant clone can predict which colorectal cancer 
patients will develop resistance to epidermal growth factor receptor (EGFR)-
targeted therapy [28]. Curtis et al. showed that breast cancer had at least ten distinct 
molecular subtypes with significant differences in disease outcome and responses to 
therapy [29]. There is an association between clonal diversity and drug resistance 
for at least some tumor types—notably ovarian [30] and esophageal [31]. Basal-like 
triple negative breast cancers (TNBCs) have previously been linked to shorter 
disease-free survival when compared to non-basal-like triple negative breast can-
cers and tend to be associated with higher clonal diversity [32]. Clearly, although 
more work has to be done, it seems likely that the clonal composition of tumors will 
have potential use for predicting disease outcome and informing treatment choice.

The above implications suggest that we need to advance toward using highly 
characterized tumor models, representative of the large variability of tumors in 
humans. Next-generation sequencing and single-cell sequencing studies have iden-
tified multiple genetically distinct clonal variants within a single human tumor, 
demonstrating the level of heterogeneity that exists in human tumors [33, 34]. 
Therefore, the models we choose to study the development of therapeutic drug 
resistance need to reflect (1) genetic variation and (2) the tumor microenvironment. 
Both factors will affect the sensitivity or response and eventual resistance of a tumor 
to therapy. There are several heterogeneity factors in a developing tumor, such as the 
presence of distinct clonal variants in the original tumor population, tumor-initiat-
ing subpopulations, and cells carrying “mutator” phenotypes that allow a tumor to 
develop therapy resistance. The better we model all these aspects of intra-tumoral 
heterogeneity, the more likely we are to capture the dynamic nature of resistance. In 
order to create better models of human cancers, PDX models have been developed. 
The PDX models, derived from patient tumor tissues as distinct from cultured cell 
lines, have, by virtue of recapitulating as much of the human variation as possible, 
emerged as a powerful technology showing better representation of the heterogene-
ity of tumors, and part of the human tumor microenvironment, with preservation of 
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cellular complexity, genetics, vascular, and stromal tumor architecture. PDX cancer 
models are likely best suited for (1) studying the emergence of multiple resistance 
mechanisms, (2) guiding therapeutic strategies to overcome relapsed tumors, and 
(3) using drug efficacy tests in the discovery and preclinical development of supe-
rior anticancer agents.

To examine whether PDXs are able to show varying responses of patients’ 
tumors to chemotherapy, the Shanghai LIDE Biotech Company designed a reverse 
validation trial with S-1, a drug combination used for therapy of gastric cancers. The 
trial was performed on four gastric cancer samples (GAPF155, GAPF157, 
GAPF161, and GAPF187) that had successfully been engrafted into mice. 
Xenografts were propagated and treatment cohorts of 16 mice were generated for 
each implanted cancer specimen. When tumors reached an average volume of 
200 mm3, mice were randomized to receive either a placebo or S-1. Consistent with 
the treatment response of patients to S-1, as shown in Fig.  5.1, GAPF155 and 
GAPF157 were sensitive to S-1, whereas GAPF161 and GAPF187 were not sensi-
tive to S-1. These results indicate that PDXs can reflect variable responses of 
patients’ tumors to therapy.

a b

c d

Fig. 5.1  Efficacy study of S-1 in four gastric PDX models. a and b show that GAPF155 and 
GAPF157 were sensitive to S-1; c and d show that GAPF161 and GAPF187 were not sensitive 
to S-1
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�PDX Models May Fail to Fully Account for Many Non-cell-
Autonomous Drivers of Heterogeneity

PDXs are arguably the best models of tumor heterogeneity and therefore perhaps 
the most powerful tools for investigating tumor biology. Although PDX models 
maintain the genomic architecture, histology, and drug responsiveness of the orig-
inal patients’ tumors, the clonal profiles and tumor microenvironment of PDX 
tumors can change during their propagation in immunodeficient mice. Analysis of 
genome-wide variant allele frequencies in serial passages of PDX tumors showed 
that clonal selection occurs more frequently in initial engraftment steps than in 
propagation steps, but the detailed clonal dynamics differ depending on the vari-
ous tumor samples of the same tumor type [35]. The clonal dynamics in PDX 
tumors is probably generated by selection acting on preexisting clones rather than 
by generation of new clones [36]. As a result, it is probable that the more aggres-
sive clones become dominant in PDX tumors, and, in some cases, PDX models 
indeed showed the genomic and transcriptomic signature of metastatic and 
relapsed cancers [37]. These aggressive clones could be particularly important 
targets in cancer therapy.

As well, stromal and immune interactions in PDXs may be altered by cellular 
component deficiencies and interspecies compatibility in host models. However, 
the tumor microenvironment has long been known to play an essential role in 
tumor progression, and its role in drug response is becoming apparent [38, 39]. 
Aside from clonal dynamics driven by intrinsic differences in a cell’s genetic or 
epigenetic background, intra-tumor heterogeneity can be influenced by tumor-
extrinsic factors in the non-cell-autonomous compartment [40]. Cellular interac-
tions with the extracellular matrix (ECM) can alter gene expression programs, 
drive differentiation, and profoundly alter cell behavior. As cancers develop, tight 
regulation of the ECM is lost and tissue architecture begins to degrade [38]. A 
study by Wang and colleagues [41] provides direct evidence that ECM-dependent 
signaling confers dynamic switching between transforming growth factor b recep-
tor 3 (TGFBR3) and jun D proto-oncogene (JUND)-related expression signatures. 
ECM-driven oscillations between signaling pathways such as those described 
could have profound effects on propensity to malignancy. Furthermore, solid-state 
ECM interactions are necessary for cells to maintain stem cell properties, and 
regulated ECM helps maintain the stem cell niche [42]. In PDX models, Matrigel 
is often used to increase the engraftment efficiency; however, it is worth noting 
that this is a murine basement membrane extract, and suitable synthetic human 
alternatives are available. The presence of growth factors in Matrigel may favor 
the engraftment of one cell type over another. Finally, as ECM structure is tissue 
specific [42], researchers should consider the use of orthotopic transplantations 
where possible.

The tumor microenvironment is further characterized by an influx of stromal 
cells. Infiltrating cancer-associated fibroblasts (CAF) can often confer resistance to 
cytotoxic and targeted therapies [39]. Because of the high levels of CAF infiltrates 
seen in some tumor types, heterogeneity within their population would undoubtedly 
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confer differential properties to the tumor bulk. In PDX models, human stromal 
cells are gradually replaced by murine equivalents upon engraftment in the mouse, 
suggesting that implanted human cancer cells retain the ability to recruit murine 
accessory cells to their niche. However, it should be noted that some differences 
exist between ligand repertoires of human and murine fibroblasts. Clearly, stromal 
architecture and activity are mimicked in the murine host; however, it is currently 
unclear how this reflects human stroma with regard to supporting tumor growth and 
development.

The immune system also plays a crucial role in tumor progression, and perhaps 
it is the most obvious disadvantage in PDX models, because of engraftment into 
severely immune-deficient host animals. Tumor cells are broadly thought to be anti-
genic which emerge point mutations in coding exons in a developed tumor and 
result in a large repertoire of neoantigens. Targeting of these neoantigens can lead 
to significant CD8+cytotoxic T-cell infiltration and tumor cell death. However, most 
tumors eventually progress and evade the immune system often through the domi-
nant inhibitory effects of suppressive pathways (the so-called immune checkpoints 
such as CTLA-4/B7 and PD-1/PD-L1). This is supported by the prognostic value of 
the CD8+ to FOXP3+ (cytotoxic to regulatory T-cell, Treg) ratio in many solid tumors 
and the recently reported clinical efficacy of a variety of checkpoint inhibitors [43, 
44]. The proinflammatory microenvironment established by M1-polarized tumor-
associated macrophages (TAM), CD8+T-cells, NK cells, and others can lead to the 
recruitment of numerous immune-suppressive components. In addition, CD4+T-cell 
and macrophage recruitment following intensive chemotherapy in breast cancer 
patients is associated with significantly reduced recurrence-free survival [44].

All in all, heterogeneity within a tumor is governed by both cell-autonomous 
(e.g., genetic and epigenetic heterogeneity) and non-cell-autonomous (e.g., stromal 
heterogeneity) drivers. Although PDXs can largely recapitulate the genomic archi-
tecture, histology, and drug responsiveness of human tumors, they may not fully 
account for heterogeneity in the tumor microenvironment. However, these models 
have substantial utility in basic and translational research in cancer biology, but study 
of stromal or immune drivers of tumor progression may be limited. Similarly, PDX 
models offer the ability to conduct in vivo and ex vivo patient-specific drug screens, 
but stromal contributions to treatment responses may be underrepresented.
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Abbreviations

CAF	 Cancer-associated fibroblast
CDMs	 Cell-derived matrices
CSC	 Cancer stem-like cell
ECM	 Extracellular matrix
EGF	 Epidermal growth factor
FAK	 Focal adhesion kinase
HDACis	 Histone deacetylase inhibitors
HIFs	 Hypoxia inducible factors
NK	 Natural killer
PDX	 Patient-derived xenograft
PI3K	 Phosphoinositide 3-kinase
TME	 Tumor microenvironment

�Introduction

Despite remarkable advances in our understanding of the molecular events that 
underpin tumor survival and progression, the harsh reality is that about 85% of pre-
clinical anticancer therapies fail in early clinical trials [1, 2]. One of the most often 
cited reasons for the disconnection between drug efficacy in conventional cancer 
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cell line models and clinical response is that preclinical models fail to mimic the 
complexity of human cancers [3–5]. Unlike in vitro cell cultures, which are largely 
homogeneous, cancer cells within individual tumors often exist in any of several 
distinct phenotypic states that differ in functional attributes. For example, subpopu-
lations of cancer stem-like cells (CSCs) with increased tumor-initiating ability and 
drug resistance have been identified in many tumor types, including malignant germ 
cell cancers [6, 7], leukemias [8, 9], as well as solid tumors in the brain [10], breast 
[11], pancreas [12], and prostate [13]. This heterogeneity has important therapeutic 
implications because anticancer therapies preferentially target specific cancer cell 
states and, thus, can yield selective changes in phenotypic proportions within tumors 
[14–17].

The CSC state is governed by both cell-autonomous (e.g., genetic and epi-
genetic) and cell-extrinsic (e.g., stromal and immune) factors (Table 6.1). This 
complexity is further compounded by evidence of epigenetic shifts allowing 
tumor cell populations to reversibly transition between functional states, includ-
ing between stem-like and more committed cells [18, 19]. In contrast to conven-
tional cell line xenografts, patient-derived xenograft (PDX) cancer tissue models 
retain the molecular signatures and epigenetic architecture of the donor tumor, 
as well as recapitulate interactions of the host microenvironment [20]. Thus, 
PDX models are better suited to capture the interplay between genetics/epi-
genetics and microenvironment that dictates how cancer cell states coexist and 
evolve within tumors.

Table 6.1  Cell-autonomous and cell-extrinsic factors that regulate cell plasticity

Factor
Implications on cell 
plasticity

Representation in PDX 
models

Cell-autonomous Genetics Genetic aberrations, 
such as K-RAS 
mutations, activate 
signal transduction 
cascades that can endow 
cells with tumor-
initiating and self-
renewal properties

Copy number 
alterations and exome 
sequencing data show 
concordance between 
PDX models and donor 
tumors

Epigenetics Epigenetic marks (e.g., 
DNA methylation and 
histone modifications) 
change dynamically as 
cells move between 
pluripotent and 
differentiated states

DNA methylation 
patterns are conserved 
between PDX and 
donor tumor
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Table 6.1  (continued)

Factor
Implications on cell 
plasticity

Representation in PDX 
models

Cell-extrinsic ECM ECM ligands and 
nanotopology modulate 
intracellular signaling 
pathways (e.g., Notch) 
that maintain the stem 
cell compartment

PDXs are implanted 
with murine basement 
membrane (Matrigel), 
but this may not fully 
mimic the architecture 
and content of human 
ECM

Stromal Cells CAFs secrete growth 
factors and cytokines 
(e.g., CCL5), which act 
in a paracrine fashion to 
activate stem cell-
associated signaling 
pathways and induce 
dedifferentiation

PDXs in early passage 
retain stromal elements 
from the donor tumor. 
However, these are 
eventually replaced 
with mouse stroma. 
Orthotopic models 
should be prioritized as 
they better replicate the 
ECM of the donor 
TME

Immune cells Interplay between the 
immune system and 
tumor regulates cell 
state dynamics as 
stem-like cells exhibit 
immunosuppressive 
properties. Non-stem 
cells may dedifferentiate 
to escape immune 
surveillance

PDXs are often 
established in highly 
immunocompromised 
mice; however, immune 
cell aggregates and NK 
cell infiltration have 
been reported in less 
immunocompromised 
models (e.g., nude 
mice). Humanized 
PDX models are under 
development that 
harbor an intact 
immune system

Hypoxic TME HIF2α activates stem 
cell factors and 
signaling pathways that 
promote expansion of 
the stem cell pool under 
hypoxic conditions

PDX models maintain a 
hypoxic 
microenvironment

Acidic TME Low extracellular pH 
promotes a stem 
cell-like gene expression 
signature

An acidic 
microenvironment is 
commonly observed in 
PDX models

CAF cancer-associated fibroblast, ECM extracellular matrix, NK natural killer, PDX patient-
derived xenograft, TME tumor microenvironment
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�The Cancer Stem Cell Paradigm

While the initial observation that cancer cells share similarities with embryonic cells 
was made as early as 1875 [21], it was not until the last decade that the cancer research 
community began to embrace the notion that tumors are hierarchically organized and 
maintained by a population of “cancer stem cells.” However one frames the concept, 
most cancer biologists accept that there are subpopulations of cells within a tumor that 
exhibit self-renewal and tumor-initiating capability [22–24]. This framework is largely 
based on a series of elegant genetic tracing studies showing that cancers are comprised 
of a heterogeneous population of cells that differ in their capacity of self-renewal, 
metastatic ability, and resistance to radio- and chemotherapy [25–27].

It is important to acknowledge that the CSC hypothesis does not address whether 
cancer arises from normal stem cells. Rather it suggests that irrespective of the cell-
of-origin, cancers are hierarchically organized in much the same manner as normal 
tissues. Just as normal stem cells differentiate into more committed progeny, CSCs 
can undergo genetic and/or epigenetic changes analogous to the differentiation of 
normal cells to form phenotypically diverse nontumorigenic cells that contribute to 
tumor heterogeneity.

In contrast to the rigid hierarchical model of tumors, evidence is emerging that 
tumor cell populations can reversibly shift between functional states. In other words, 
CSCs can arise de novo from non-stem cells. In a paradigm-shifting study, Gupta 
and colleagues identified that breast cancer cell populations can interconvert 
between phenotypic states [18]. This dynamic transition between non-CSC and 
CSC states was found to be regulated by contextual signals from the microenviron-
ment, in particular TGFβ [28, 29], as well as certain stressors, such as nutrient 
deprivation and therapeutics [30].

�Cell-Autonomous Regulation of Cancer Stem Cell Plasticity: 
Genomic and Epigenomic Features in PDX Models

�PDX Models Preserve Genetic and Epigenetic Heterogeneity

From a histological and cell population standpoint, heterogeneity has long been 
observed in both normal and neoplastic tissues. Through the course of tumor evolution, 
cancer cells undergo repeated mutational events coupled with chaotic shifts in the epig-
enome that together may result in increased fitness relative to neighboring cells. In this 
concept, subclones arise in bursts of expansion in response to pressures from Darwinian 
selection—including those imposed by therapeutic intervention—and may be stable or 
transient [31–33]. Certainly, driver mutations such as those for K-RAS in a variety of 
tumor types [34], APC in colorectal cancer [35], and VHL in renal cancers [36] likely 
are the central forces that induce the appearance of cells with tumor-initiating and self-
renewal properties. Similarly, epigenetic changes, e.g., promotor focal gains of DNA 
methylation, are also key factors that may be especially important for regulating cell 
plasticity and formation of stem-like cell populations in cancers [37].

A.H. Davies et al.



75

Cell lines, and by extension cell line xenografts, undergo extensive evolutionary 
adaptation to grow indefinitely in artificial culture conditions and thus rarely reca-
pitulate the biology of parental tumors when reimplanted [3, 5]. The rationale for 
developing PDX models for cancer research is based on the assumption that these 
models will faithfully recapitulate the heterogeneity of the donor tumor and that this 
characteristic will be maintained through successive mouse-to-mouse passages 
in vivo [38–42]. In general terms, this appears to be correct. Studies using basic 
morphological assessments do indeed show that PDX models share the same histo-
logical structure as the donor tumor, including fine tissue structure and subtle micro-
scopic details, such as gland architecture, grade of differentiation, and relative 
abundance of tumor and stroma.

�PDX Models Retain Genetic Characteristics of the Donor Tumor

Analysis of copy number alterations and exome sequencing data show extraordi-
nary concordance between patient tumors and the PDX models derived from them. 
In a recent study, whole genome sequencing of several primary tumors and matched 
PDXs in breast cancer showed that PDXs have relatively stable genomes without a 
significant accumulation of DNA structural rearrangements [43]. Likewise, PDX 
models developed from TMPRSS2-ERG-positive prostate tumors expressed the 
TMPRSS2-ERG fusion gene and exhibited high levels of ERG protein [40]. Finally, 
analysis of gene expression profiles in 25 non-small cell lung cancer tumors showed 
that there are no substantive differences between the donor tumor and correspond-
ing PDX, with only genes involved in the stromal compartment and immune func-
tion being less represented in the models [44]. This high degree of similarity extends 
to tumor-PDX pairs from many cancers as unsupervised clustering analysis shows 
that in most studies PDX models cluster with their counterpart primary tumor [40].

�Epigenetics Impacts Cancer Cell Heterogeneity

Our appreciation of epigenetic complexity and plasticity has dramatically increased 
over the last decade largely due to the development of several global proteomic and 
genomic technologies. Briefly, the concept of epigenetic control refers to a stable 
change in gene expression without any changes in DNA sequence [45, 46]. Covalent 
modifications of DNA (such as methylation) and histones (such as methylation and 
acetylation) are dynamically laid down and removed by chromatin-modifying 
enzymes to facilitate active/permissive or condensed/closed chromatin states that, 
in turn, modulate transcription. In a holistic sense, epigenetic modifications serve to 
maintain stable patterns of transcription for the maintenance of cell phenotypes. 
Thus, histone modifications, in addition to DNA methylation, are vital to the control 
of cellular states.

The earliest indications of a link between epigenetics and cancer were derived 
from correlation studies between gene expression and DNA methylation patterns. 
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These studies are too numerous to review but have been comprehensively described 
elsewhere [47]. These early observations have been strengthened by recent research 
indicating that cancer cells exhibit focal gains in promoter DNA hypermethylation 
and associated transcriptional silencing. Interestingly, a large proportion of genes 
with this cancer-specific change are those with a history of chromatin regulation in 
adult stem cells [37], which has been further traced back to embryonic stem cells 
[48, 49]. Thus, epigenetic changes likely contribute functionally to the heterogene-
ity of tumor cell populations, maintaining the balance between self-renewal and 
commitment to differentiation.

�PDX Models Retain Epigenomic Patterns of the Donor Tumor

To specifically assess the fidelity of the epigenome between PDXs and the original 
patient tumors, Guilhamon and colleagues performed methylome sequencing on 
matched PDX and primary tumor from osteosarcoma and colon cancer patients 
[50]. Notably, less than 3% of the methylome underwent major changes as a result 
of the xenografting procedure. In a series of separate studies, IDH1-mutant glio-
blastomas as well as the corresponding PDXs were found to exhibit a marked 
increase in the oncometabolite D-2-hydroxyglutarate, which inhibits various his-
tone demethylases as well as the TET family of enzymes that catalyze DNA demeth-
ylation. Indeed, these tumors had an abnormal buildup of DNA methylation that, in 
turn, was linked to suppression of cellular differentiation. Treatment with DNA 
demethylating agents, such as 5-azacytidine, yielded a reduction in DNA methyla-
tion of promoter loci and induction of glial differentiation [51, 52]. Together, these 
studies suggest a prominent role for the epigenome in controlling phenotypic het-
erogeneity in patient tumors that is retained by PDX models.

It is important to note that PDX models exhibit a relatively stable methylome, 
with no significant methylation changes during mouse-to-mouse propagation [50]. 
This is in stark contrast to cell line models where differences in DNA methylation 
patterns have been reported between primary cultures and tissues [53]. Changes in 
DNA methylation will affect gene expression and, in turn, influence cellular pro-
cesses and even responses to therapy. Therefore, PDXs may provide a more realistic 
model than cell line panels for deciphering the basic facets of the tumor epigenome 
as well as testing epigenetic therapies.

�Cell-Extrinsic Regulation of Cancer Stem Cell Plasticity: 
The PDX Microenvironment

�The Cancer Stem Cell Niche

The interplay between tumor cells and their microenvironment is strikingly com-
plex and is accepted to be a key determinant of clonal evolution and therapeutic 
response. As is the case with normal stem cells, CSCs are believed to reside in 
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niches, which provide cues via cell-cell contacts and secreted factors to regulate 
stem cell survival and identity [54, 55]. This specialized microenvironment is com-
prised of fibroblastic cells, immune cells, endothelial cells or their progenitors, 
extracellular matrix (ECM) components, and networks of cytokines and growth fac-
tors. The CSC niche itself is part of the larger tumor microenvironment, which 
encapsulates the adjacent stroma and non-CSC tumor cells. Thus, the CSC state 
depends critically on the tumor microenvironment and potentially on the CSC 
niches within it (Fig. 6.1).

To fully appreciate the effect of CSCs on tumor biology and response to therapy, 
an appropriate model system that preserves the tumor microenvironment and CSC 
niches is paramount. Notably, PDXs recapitulate many facets of the donor tumor 
microenvironment, including the architecture of the ECM, composition of stromal 
cells, and physiological conditions such as hypoxia and acidity.

�Tumor Architecture and the Extracellular Matrix

Cellular interactions with the ECM can profoundly change stem cell behavior 
by altering gene expression programs that control the balance between self-
renewal and differentiation. In particular, interactions between ECM and stem 
cells can be directly mediated by a number of cell receptors, namely, integrins, 
which signal via focal adhesion kinase (FAK) and phosphoinositide 3-kinase 
(PI3K) to regulate self-renewal and proliferation of stem cells [56–58]. For 
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Fig. 6.1  Interplay between the tumor microenvironment and stem cell niche. A complex network 
of reciprocal signaling between tumor cells, stromal cells, and immune infiltrate maintain the stem 
cell niche by controlling the balance between cell self-renewal and commitment to differentiation. 
Stromal and tissue architecture, such as ECM stiffness, also has a profound effect on transcrip-
tional regulation to mediate the interconversion between tumor cell states. In addition to cellular 
contributions, several extracellular properties contribute to maintaining the stem cell niche, includ-
ing low oxygen tension and acidity. CAF cancer-associated fibroblast, ECM extracellular matrix, 
NK natural killer
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example, ECM-dependent signaling mediated by β1 integrins is essential to 
preserving the neural and mammary stem cell pool by controlling the activity 
of Notch and epidermal growth factor (EGF) receptors [59, 60]. In addition, the 
mechanical properties of the ECM, including stiffness and nanotopology, act as 
potent regulators of growth and differentiation [61]. Thus, the interaction 
between cells and their microenvironment plays an important role in control-
ling their fate.

In contrast to in vitro cell lines, which are largely propagated in two dimensions 
on a plastic substratum, PDX models more closely mimic the topology and cell-
ECM interactions found in patient tumors. However, a number of caveats need to be 
taken into account when generating PDXs to ensure the interplay between cells and 
ECM is conserved. First, the ECM structure is tissue specific [62]; therefore, PDXs 
should be established orthotopically whenever possible. Second, Matrigel, a murine 
basement membrane extract, is often used to increase engraftment efficiency but 
may not fully mimic the properties of human ECM in terms of growth factors, spa-
tial heterogeneity, and stiffness. As an alternative, cell-derived matrices (CDMs), 
which are the product of matrix secretion and assembly by cells cultured at high 
density in vitro, have been shown to better recapitulate the architecture and content 
observed in human tissue stroma [63, 64].

�The Tumor Stroma

In addition to ECM components of a patient’s tumor, the PDX tumor architecture 
also contains, at least initially, stromal cells from the donor tumor. These cells, in 
particular the cancer-associated fibroblasts (CAFs), produce tumor-supportive ECM 
and secrete growth factors and cytokines that mediate signaling pathways to affect 
tumor cell states [65–67]. They therefore play a key role in maintaining the stem 
cell niche by regulating the balance between self-renewal and differentiation. For 
example, interleukin-6 (IL-6) secretion by CAFs in head and neck squamous cell 
carcinoma coincides with an increased CSC population and treatment with an IL-6 
receptor blocking antibody inhibits CSC-mediated tumor initiation [68]. Similarly, 
in colon cancer, myofibroblast-secreted factors, such as hepatocyte growth factor, 
activate Wnt signaling to induce the dedifferentiation of tumor cells to a CSC-like 
state in vivo [69]. Finally, it has recently emerged that bone marrow mesenchymal 
stromal cells (BM-MSCs) are recruited to tumor sites where they secrete the chemo-
kine CCL5/RANTES, which in a paracrine fashion signals cancer cells to undertake 
a stem cell-like phenotype [70, 71].

One important consideration when assessing CSCs in PDX models is the substi-
tution of human stromal components with murine stroma. This new murine stroma 
may result in changes in paracrine regulation of the tumor as well as its physical 
properties [72]. However, in general, PDX models in early passage (<5 passages) 
retain stromal components and microenvironment features of the donor patient 
tumor [20] and can be used reliably to address the effect of the microenvironment, 
in particular, the stem cell niche, on tumor biology and response to therapy.
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�Immune Cells

While relatively little is known about the specific immunological properties of the 
CSC population, recent work suggests that these cells may be able to modulate 
immune responses. CSCs isolated from breast cancer cell lines have been shown to 
escape natural killer (NK) cell-mediated killing as well as antibody-dependent cell-
mediated cytotoxicity in response to trastuzumab [73]. This is likely due, at least in 
part, to the fact that CSCs secrete more of the immunosuppressive cytokine TGF-β 
compared to non-CSC tumor cells [74, 75]. Likewise, colon CSCs are known to 
secrete interleukin-4, which inhibits anti-tumor immune responses [76]. CSCs also 
express CD200 [77], a molecule that inhibits myeloid cells and could thus play a 
major role in mediating the immunosubversive nature of CSCs.

A major limitation of current generation PDX models is their reliance on immu-
nodeficient mouse strains in order to avoid allograft rejection. NSG mice (which 
lack functional T, B, and NK cells) are routinely employed to establish PDXs, thus 
precluding the interplay between the immune system and CSCs that could affect 
cell plasticity and tumor heterogeneity. Interestingly, a recent study suggests that, at 
least initially, immune-tumor interactions are preserved in PDX models established 
in less immunocompromised mice, such as nude mice (which only lack functional 
T cells; [78]). However, to fully appreciate the role of CSCs in tumor initiation and 
therapy resistance, tumors should ideally be propagated in models possessing a 
functional immune system. Toward this end, efforts are underway to engineer 
“humanized” PDX models, in which the tumor is co-engrafted with hematopoietic 
stem cells to reconstitute the full repertoire of immune cells of the individual donor 
[79, 80].

�The Hypoxic Microenvironment

It has been robustly shown that stem cells localize within the hypoxic niche, and 
CSCs are similarly enriched and maintained in hypoxic tumors [55, 81]. Disorganized 
blood vessel architecture restricts tumor perfusion and causes inadequate oxygen 
delivery in vivo; the resulting oxygen gradient is prone to transient fluctuations and 
dynamically impacts CSC behavior [82]. The hypoxia-inducible factors (HIFs) are 
master regulators of the hypoxic response that elicit numerous mechanisms affect-
ing stem cell maintenance [83]. Notably, HIF-mediated suppression of growth sig-
nals is important for sustaining the long-term survival of stem cells within the 
hypoxic niche [84]. Hypoxia stimulates HIF1α to inhibit the transcription of c-myc, 
thereby alleviating transcriptional repression of cyclin-dependent kinase inhibitors 
p21 and p27 [85]. This inhibitory effect on cell cycle progression maintains a quies-
cent CSC population that confers protection from therapies that target mitotically 
dividing cells [86].

Not only is stem cell differentiation inhibited under low oxygen conditions, but 
transcriptional and epigenetic reprograming in response to hypoxic conditions 
brings about a phenotypic shift in tumor cells to a less differentiated state [87, 88]. 
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HIF2α is activated as a cellular response to hypoxia and subsequent activation of 
Oct4, Notch, TGF-β, and WNT signaling pathways together promotes a stem-like 
phenotype and expansion of the CSC pool [55, 89–91]. The epigenetic shift follow-
ing HIF activation is being actively investigated, and chromatin remodeling in the 
hypoxic niche may explain how CSCs arise from more committed cancer cell popu-
lations [92]. The histone demethylase genes JARID1B, KDM3A, KDM4B, and 
KDM4C have independently been described to command a phenotypic switch to the 
CSC state and are upregulated in response to hypoxia, although the extent to which 
these genes cooperate within the hypoxic niche is not well understood [93–99]. The 
numerous phenotypic consequences that arise from hypoxia raise concern that long-
term passaging of cancer cell lines in  vitro at ambient partial oxygen pressure 
(~760  mmHg) selects against CSC populations that are adapted to thrive in the 
hypoxic tumor microenvironment (<10 mmHg; [100]). PDX models have not been 
compromised in this regard and thus more accurately embody the physiological 
conditions observed in patients.

�Acidification of the Microenvironment

It has long been recognized that tumors reprogram their metabolic pathways, upreg-
ulating glycolytic enzymes leading to the accumulation of lactate that, in turn, acidi-
fies the tumor microenvironment [101, 102]. However, the biological significance of 
tumor acidification remains poorly understood. Low pH tends to coincide with low 
partial oxygen pressure, as hypoxia-induced carbonic anhydrase IX activity couples 
with transmembrane ion exchange to acidify the extracellular compartment [103]. 
Although acidification is frequently observed alongside hypoxia, evidence suggests 
that low extracellular pH promotes a CSC gene expression pattern independently of 
partial oxygen pressure. Human glioma cell cultures depleted of CSCs showed a 
HIF2α-dependent activation of stem cell-associated genes when acidified. These 
changes were found to be hypoxia-independent and were reversed when normal pH 
was restored, suggesting that the CSC niche is responsive to pH fluctuations [104]. 
To further investigate the dynamic influence pH exerts on CSC plasticity, the PDX 
model will surely play an important role as it conserves the donor tumor physiology 
and, accordingly, preserves the CSC niche.

�Cancer Stem Cell Dynamics in PDX Models

�Isolation and Characterization of CSCs in PDX Models

Genetic aberrations and chromatin regulation of key transcription factors are critical 
for locking cells into a particular differentiation state [105–107]. As PDX models 
retain the genetic and epigenetic properties of the donor tumor, it follows that these 
models could be used as a tool for studying CSC populations. Analysis of PDX 
models developed from renal cell carcinomas revealed these tumors to harbor both 
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CSC and non-CSC populations, based on expression of the CSC-associated cell 
surface markers CD133 and CD105 [108]. Isolating and sorting for CSCs confirmed 
these cells to exhibit stem cell-associated properties, including expression of pluri-
potency genes (such as Oct4 and Nanog), ALDH activity, capacity to form spher-
oids, and ability to form tumors at limiting dilution in SCID mice. Likewise, 
stem-like cells have also been identified and isolated from glioblastoma PDXs. 
These cells were characterized as having a mesenchymal gene signature and 
expressing high levels of the stem cell markers CD133, Sox2, and Nestin [109]. 
Finally, both ovarian PDX tumors and the original patient tumors were found to 
harbor a similar proportion of cells expressing the CSC markers ALDH1A1 and 
CD133 [110]. Together, these studies convey that the polyclonality and, in particu-
lar, the stem cell compartment of human tumors is maintained in PDX models.

�CSCs in the Establishment of PDX Models

Eirew and colleagues recently examined clonal dynamics in a panel of breast cancer 
PDX models at single-cell resolution [111]. Notably, the dynamics were highly 
skewed toward minor prevalence clones that represented less than 5% of the starting 
population, expanding to dominate the xenograft. The most parsimonious explana-
tion for this phenomenon of clonal dominance is that preexisting clones exhibit 
variations in clonal fitness, with a stem cell/tumor-initiation compartment establish-
ing the tumor and, in turn, differentiating to reestablish tumor polyclonality. In sup-
port, similar clonal dynamics were observed in parallel xenografts established from 
the same sample [111], implying that the basis of selection is nonrandom and likely 
linked to a particular genotype or epigenotype.

Indeed, a number of studies have suggested that the CSC population plays a 
principal role in repopulating a tumor following xenotransplantation. Ding and col-
leagues reported that PDX models derived from basal-like breast cancer more 
closely resemble the mutational enrichment pattern of the patient’s metastatic lesion 
than the primary tumor [112]. CSCs have been implicated as the “seeds” for metas-
tasis [113], suggesting that the CSC subpopulation may facilitate PDX engraftment 
and expand to repopulate the xenograft. In a separate study, the engraftment fre-
quency of xenografts from human acute lymphoblastic leukemia was found to be 
directly proportional to the number of CD34+ leukemia-initiating cells [114]. 
Finally, sorting disaggregated tumor cells from hepatocellular carcinoma patients 
for the putative stem cell marker GEP was found to facilitate PDX establishment 
[115]. From these studies it is clear, and perhaps obvious, that the stem cell/tumor-
initiating subpopulation within tumors is more adept at tumor engraftment.

�CSCs in PDX Models After Chemotherapy

It has been proposed that CSCs contribute to treatment resistance [116]; indeed, 
these cells may be a key determinant of the therapy failures that plague many 
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cancers. For example, chronic myeloid leukemia appears to be driven by leukemia 
stem cells that exhibit heightened resistance to imatinib compared to their more dif-
ferentiated progeny [117, 118]. Likewise, there is also evidence that CSCs in glio-
mas [119] and breast cancers [120] are intrinsically more resistant to therapy than 
other cells in the tumor. As PDX models closely mimic patient tumors, including 
the CSC compartment, they represent a versatile tool for simulating CSC-mediated 
resistance generated in response to treatment strategies used in the clinic.

In an elegant study by Kreso and colleagues, lentiviral lineage tracing was used 
to trace the chemotherapy tolerance of different clones in colorectal cancer PDXs 
[121]. It was found that previously minor “type IV” subclones repopulated the 
tumor bulk after treatment with chemotherapy. Notably, this cell population was 
linked to the BMI1-positive stem cells important for intestinal and colonic crypt 
maintenance [122]. Likewise, in a PDX model of acute myeloid leukemia, lymphoid-
primed multipotent progenitors were enriched following treatment with the BET 
bromodomain inhibitor iBET [123]. Finally, combined carboplatin/paclitaxel treat-
ment enriched CSC populations in ovarian cancer PDXs [110]. Global RNA-seq 
transcriptome profiling of the relapsed tumors revealed upregulation of the drug 
efflux pump ABCG1 as well as Sphingosine-1-phosphate signaling, which has been 
linked to protection of oocytes from apoptosis.

For over a decade, targeting CSCs has been proposed as a therapeutic goal. 
However, clinical trials, targeting the stem cell state in solid tumors with agents 
such as histone deacetylase inhibitors (HDACis), have been disappointing with few 
durable responses observed [124, 125]. As PDXs closely mimic the heterogeneity 
of patient tumors, with respect to both the CSC and non-CSC subpopulations, they 
represent a robust platform for deciphering the contribution of CSCs to therapy 
resistance as well as guiding empirical treatments targeting the CSC population.

�Alternative PDX Models for Assessing Cancer Stem Cells

In addition to the murine PDX models described above, zebrafish PDX models have 
emerged in the last decade as an alternative and powerful tool to study tumor initia-
tion and drug responses of various cancers [126, 127]. Transplants of human cells 
into zebrafish were first reported in 2005 by Lee et al. in a study where human meta-
static melanoma cells were engrafted in zebrafish [128]. Later, successful transplan-
tation of traditional cancer cell lines and primary human tumor cells was established 
for a variety of human tumors. These include leukemic blood cell lines and primary 
chronic myeloid leukemia cells in zebrafish embryos as well as engraftment of 
small pieces or dissociated cells from human pancreas, colon, and stomach carcino-
mas [129–132]. Since the zebrafish model provides a shorter time interval to com-
plete in vivo studies compared to conventional murine PDXs, the model has recently 
gained attention as a system to rapidly assess anticancer agent responses in a live 
animal model. The advantage of the zebrafish system is also that the adaptive 
immune response has not been developed before 48 h postfertilization, and thus the 
procedure does not require immune suppression [129, 131, 133].

A.H. Davies et al.



83

Zebrafish models may also reflect the biology of cancer in a similar way as 
mouse models and enable studies on tumorigenicity and CSCs. Notably, zebraf-
ish are less costly and easily assessable and as such the system may be ideal for 
limiting dilution studies to define self-renewal cell frequency by tracking sin-
gle tumor-initiating cells in vivo. Bansal et al. assessed tumor-initiation prop-
erties of six primary prostate cancer patients in the zebrafish xenograft model 
[134]. In the assay, α2β1hi/CD44hi tumor-initiating cells were isolated and 
transplanted to zebrafish embryos, and the results indicated that the tumor-
initiating cells displayed significantly shorter survival rates and rapid death 
from tumor burden and that they invaded both local and remote tissues. 
Conversely, benign prostate epithelial cells survived but failed to initiate 
tumors in the model. These studies indicate that zebrafish PDX models can be 
utilized for tumor-initiating studies. As the successful engraftment of cells in 
zebrafish can be achieved from fewer cells compared to mouse models and host 
numbers can be scaled up easily to provide more robust statistical analyses, the 
zebrafish model is especially suitable for CSC studies where there is limited 
material available [135, 136].

However, limitations in utilizing zebrafish PDX models have been reported as 
the engraftment of human cells in zebrafish has been more difficult than in mice. For 
example, Pruvot et al. were unsuccessful in transplanting and maintaining healthy 
human CD34+ hematopoietic stem and progenitor cells in zebrafish embryos [137]. 
This could be the result of differences in the microenvironment in zebrafish com-
pared to mouse models. For example, there are different temperature requirements 
for maintaining zebrafish as these are traditionally maintained at a lower tempera-
ture (28  °C) than human cells which are cultured at human body temperature 
(37 °C). Thus, various groups have suggested that zebrafish embryos should be kept 
at 35 °C where they still develop normally and in which xenotransplanted human 
cells are able to proliferate [129, 137, 138].

Although zebrafish PDXs cannot displace the gold standard murine PDX model 
and use of mammalian model systems, they serve as a well-established alternative 
to rapidly model clinically relevant human-derived cells, self-renewal, and tumor 
initiation. Thus, the zebrafish PDXs can be thought of as providing a complemen-
tary and cost-effective alternative to mouse PDX models.

�Summary

PDX models are capable of recapitulating the complexity of human cancers 
remarkably well. Tumors are not simply a homogeneous mass of cells but rather 
a hierarchy of genetically and epigenetically distinct populations of cells that 
exist dynamically in space and time, competing, and perhaps cooperating, to 
further increase the fitness of the tumor as a whole. As PDX models preserve 
both cell-autonomous and cell-extrinsic factors that control cell plasticity, they 
will lead to a better understanding of how cancer cell states coexist within a 
tumor, as well as how the equilibrium between self-renewal and differentiation is 
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disrupted by therapy. However, it is critical that such models be viewed in light 
of their inherent limitations. Optimizations to better mimic the stem cell niche of 
the donor tumor, possibly via co-engraftment of stromal and immune compo-
nents, will further improve the precision of PDXs in modeling cell plasticity and 
stem-like states.
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Abbreviations

3D	 Three dimensional
cPDXs	 Cancer cells derived from PDXs
ECM	 Extracellular matrix
PBS	 Phosphate-buffered saline
PCa	 Prostate cancer
PDXs	 Patient-derived xenografts
UICC	 Union for International Cancer Control

�Introduction and Background

When tumor cells spread and grow in sites noncontiguous to the organ of origin 
(primary site) and become metastatic, cancer enters a treatment-resilient stage. At 
this stage, the prospects for a cure using conventional therapy (e.g., surgery, radio-
therapy) are greatly reduced, and although chemotherapy and targeted therapies 
may prolong the lives of patients, these treatment modalities are, in general, not 
curative, and the disease eventually becomes treatment resistant.

Metastases result from a multistage process that cancer cells at the primary site 
must undergo to establish tumors at distant sites. Put simply, these steps include local 
invasion of the surrounding extracellular environment, degradation, and passage 
through a basement membrane followed by intravasation into the blood or lymphatic 
system, survival in circulation (hematogenous and/or lymphatic), arrest at a distant 
organ (involving lodging in a distant capillary bed), extravasation out of the blood 
vessel, survival in the new environment, and invasion and proliferation in what is 
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now a foreign cellular microenvironment (reviewed in [1]). During the development 
of metastases, tumor cells must have or acquire specific traits to successfully go 
through this multistep process, survive, and interact with the microenvironment, 
including the immune system [1–5]. In Stephen Paget’s 1889 work, he proposed that 
metastasis depends on cross talk among cancer cells (the “seeds”) and organ micro-
environments (the “soil”). This seed and soil hypothesis still holds true today. In the 
1970s, authors documented the selective nature of metastasis. A detailed analysis of 
experimental metastases in syngeneic mice indicated that mechanical arrest of tumor 
cells in the capillary bed of distant organs did indeed occur but that subsequent cell 
proliferation and growth into secondary lesions were influenced by specific organ 
cells [6]. A clear example of the selectivity of cancer cells for specific sites of metas-
tasis is the pattern of progression to the bone of prostate cancer (PCa). Indeed, 80% 
of patients who die of PCa have bone metastasis, and their metastases are consis-
tently bone forming, although an osteolytic component in PCa bone metastases is 
always present (Fig. 7.1) [7–9]. The bone houses the hematopoietic stem cell niche, 
which comprises hematopoietic and mesenchymal cell populations that regulate 
hematopoietic stem cell self-renewal [10]. Authors suggested that disseminated PCa 
cells can precondition the metastatic niche and that PCa cells competes with and 
occupy the hematopoietic stem cell niche to facilitate metastasis [11, 12].

A more comprehensive understanding of PCa resulted in clinical division of the 
disease into subgroups having various patterns of progression to metastasis [13]. The 
pathologic classification of PCa is defined using the Gleason sum score (UICC), 
which is based on morphologic criteria [14]. Researchers categorized the clinical 
course of PCa from diagnosis to death as a series of clinical stages or treatment sta-
tuses (e.g., extent of the local disease, hormonal status, the absence or presence of 
detectable metastases on an imaging study). Prostate-specific antigen level is widely 
used to monitor disease progression and response to treatment. Although these clini-
cal stages or treatment statuses are currently used to establish therapeutic objectives 
and outcomes, investigators have proposed a new molecular classification of PCa 
that incorporates androgen receptor level, oncogenes/tumor suppressors, and the 
tumor-bone microenvironment in the disease model. This proposed classification 
may facilitate the implementation of current and emerging therapies [15].

Androgen
naïve

Bone

Pelvic lymph
node

Prostate

Castrate
resistant

Lung 
bone

Liver

Fig. 7.1  A model of PCa 
progression. PCa starts as a 
localized tumor. In its 
natural progression, it 
typically metastasizes to 
the lymph nodes and then 
the bone, producing 
bone-forming metastases. 
Most PCas respond to 
androgen ablation therapy, 
but relapse usually occurs, 
and bone is the primary 
site of progression
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The cascade of events that lead to metastatic dissemination starts long before a 
tumor is clinically detected at a distant site [4, 16]. Metastatic dissemination possi-
bly continues throughout the progression of the disease. Therefore, precise under-
standing of the molecular mechanism underlying each step in the metastatic process 
requires longitudinal analyses of human cancer progression in addition to laboratory-
based studies. Some such studies have demonstrated the anarchic evolution of 
metastases, which in some cases caused local recurrence, whereas others had cross-
metastatic site seeding [4, 16, 17]. In fact, one study demonstrated the presence of 
metastatic and primary tumor clones in blood even years after removal of the pri-
mary tumor, supporting the concept the anarchic evolution of metastases [16].

Solid tumors are typically heterogeneous, and studies have suggested the exis-
tence of clonal evolution of metastases as well as genetic and epigenetic diversity of 
primary and metastatic clones [4, 18]. This clonal diversity may be reduced or 
enhanced at both primary and metastatic sites by systemic treatment.

In this chapter, we primarily discuss epithelial-derived cancers with special 
emphasis on modeling the metastasis of PCa. PCa is the second leading cause of 
cancer deaths among American men. PCa cells are particularly difficult to grow on 
two-dimensional platforms, which are evidenced by the paucity of PCa cell lines 
available for study. Thus, PDXs are not only clinically relevant but, in the case of 
PCa, essential for PCa research given the paucity of cancer cell lines.

�PCa PDX Models

In 1996, with the support of the Prostate Cancer Foundation, we established the PCa 
PDX program in the Department of Genitourinary Medical Oncology at MD 
Anderson. This program has the goal of developing PDXs from annotated tissue 
samples obtained from men undergoing radical prostatectomy, cystoprostatectomy/
pelvic exenteration, or resection/biopsy analysis of metastatic lesions. PDXs are 
derived from advanced therapy-naïve prostate tumors or prostate tumors resistant to 
various therapies. By generating PDXs from different areas of the same tumor, we 
have developed models of PCa heterogeneity. PDXs developed in our facility 
include adenocarcinomas derived from therapy-naïve and therapy-resistant primary 
tumors and metastases [19–21]. Atypical clinical and histopathological variants 
PCa are also available [21, 22]. To date, the program has processed tumor samples 
derived from more than 270 patients with PCa for PDX development and estab-
lished two PCa cell lines (MDA PCa 2a and 2b) and PCa PDXs from more than 76 
donors. PDXs developed in our program are derived from patients with advanced 
PCa. We derived PCa PDXs from tumors in the prostate; areas of direct tumor 
extension to adjacent organs, the bone, lymph nodes, the liver, the thyroid, a testis, 
the adrenal gland, the brain, and unusual sites (e.g., skin, chest wall, soft tissue); 
ascites; and pleural effusions. PDXs are identified by the prefix MDA PCa followed 
by a number that is unique to the donor tumor, tumor site, and procedure date (e.g., 
MDA PCa 144). Because this is an ongoing program, the clinical and molecular 
evolution of PCa as a result of the development of resistance to new and upcoming 
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therapies will be reflected in our dynamic repository. Because this PDX repository 
is dynamic, the number of developed PDXs provided above will change over time. 
The use of these PCa PDXs by investigators has been described in various reports 
of their research [19–44].

Also, to be able to study and understand the heterogeneity of PCa, when the 
tumor of origin is large, we submit human PCa tissue samples from different areas 
of the same tumor for PDX development, which are established as independent 
PDXs and independently identified according to a unique suffix, such as MDA PCa 
144-2 and MDA PCa 144-4.

The PCa PDX program operates within a highly integrated network of physi-
cians, scientists, staff, and resources in the Tissue Biospecimen and Pathology 
Resource at MD Anderson. These individuals include urologists, oncologists, 
pathologists, staff of the Department of Diagnostic Radiology (when tissue samples 
are obtained using image-guided biopsies), and staff who provide regulatory and 
compliance support for archived tissue and blood sample requests, consent valida-
tion, protocol submissions to the MD Anderson Institutional Review Board, mate-
rial transfer agreements, data management, and logistic issues concerning sample 
shipments. This team ensures that complete patient information is captured for 
comparison with the derived PDXs.

�Patient-Derived Xenografts as Models for Studying Metastasis

In recent years, the scientific community has recognized that patient-derived xeno-
grafts (PDXs) are far superior to cell lines for studying mechanisms of response of 
cancer to treatment with US Food and Drug Administration-approved and investi-
gational agents and in discerning mechanisms of treatment resistance of human 
cancer. Furthermore, specific pathways involved in the metastatic process may be 
better reflected by early-passage PDXs, although cell lines are still useful in mecha-
nistic studies.

Selection of approaches to modeling metastases using PDXs should be based on 
the specific pattern of progression of the disease of interest while taking into consid-
eration the stages of the metastatic process that are to be modeled as well as hetero-
geneity and clonal evolution. For example, when studying the growth of PCa cells 
in the bone, in addition to using bone metastasis-derived PDXs, considering whether 
the process to be modeled would be influenced by the treatment status of the patient 
may be beneficial.

�Modeling Specific Steps Involved in Metastasis

�Cell Migration and Invasion

As described previously [1], migration and invasion are the initial events required 
for a solid tumor to spread and disseminate throughout the body. Cell migration is a 
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multistep process; the cell motility cycle is the basic component of cell migration 
and consists of a series of well-organized events. These events begin with asym-
metric morphology and definition of leading and trailing edges in the cancer cell. 
Intracellular signals then orient protrusions in the leading edge of the cell, which is 
followed by a sequence of contraction and detachment movements via integrin-
mediated adhesion [45].

Multiple factors can influence cancer cell migration, including the topography of 
the extracellular matrix (ECM), cell polarity, and cell adhesion [45]. In vitro experi-
ments have demonstrated that tumor cells invading three-dimensional (3D) matrices 
remodel the ECM microenvironment to migrate. These experiments also have 
shown that collagen fibers aligned in parallel can promote or at least enable cancer 
cell invasion, whereas a disorganized, nonlinear matrix reduces invasive behavior. 
These data suggest that oriented ECMs play a part in directional migration and inva-
sion of cancer cells in  vivo [46]. In addition to single-cell migration, collective 
migration is a principal mode of cell movement in which cells remain connected as 
they move. Collective migration of cohesive cell groups in vivo is a feature of many 
invasive tumor types [47].

The invasive phenotype, which distinguishes benign from malignant neoplasms 
(cancer), is defined by the ability to actively breach or cross tissue barriers, includ-
ing the bone marrow [48]. This phenotype is manifested at different steps of the 
metastatic cascade, including escape of cancer cells from the primary tumor, intrav-
asation into and extravasation from the bloodstream, and establishment of a second-
ary tumor at a distant site. Invasion requires adhesion to and degradation of ECM 
components and restructuring of the cytoskeleton along with transcriptional and 
epigenetic changes. Furthermore, invasive cells can adopt different morphogenetic 
programs, and this transition to a different program is influenced by the tumor 
microenvironment. When invasive cancer cells utilize a mesenchymal invasion pro-
gram, the switch from epithelial to mesenchymal cell phenotype is often referred to 
as epithelial to mesenchymal transition [48]. Recently reported evidence indicated 
that cells are in cell-cycle arrest when they enter an invasive state. This cell-cycle 
arrest state is frequently associated with the invasive phenotype acquired via 
epithelial-to-mesenchymal transition [48–51].

�Processing Fresh PCa PDXs for In Vitro Studies

The use of cancer cells derived from PDXs (cPDXs) in laboratory-based research 
in vitro requires the separation of cancer cells from the mouse stroma. This process 
constitutes a challenge of differing magnitude depending on the cancer of origin. In 
the case of PCa, cPDXs do not grow in vitro for long periods, so studies using them 
must be performed with short-term cultures. cPDXs derived from other malignan-
cies are more amenable to growth through several passages in vitro and may even 
develop into cell lines. However, during the development of these cell lines, selec-
tion of cells for in vitro growth is likely. Thus, short-term cultures are thought to 
better reflect the phenotype typical of 3D growth and the heterogeneity typical of 
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PDXs than are cell lines. The method we use to isolate cPDXs enriched in PCa cells 
is described below.

	 1.	 Anesthetize PDX-bearing mice by administering isoflurane according to train-
ing in the Department of Veterinary Medicine and using an approved inhalation-
induction-vapor recovery apparatus. Administer isoflurane at concentrations of 
4–5% for induction and 2–3% for maintenance of anesthesia.

	 2.	 Kill tumor-bearing host mice via cervical dislocation.
	 3.	 Aseptically remove subcutaneous tumors from euthanized host mice as fol-

lows: clean the skin over the tumor with 70% ethanol spray, open the skin with 
a scalpel, and remove the tumor by using scissors to dissect it free from sur-
rounding loose connective tissue (PCa PDXs growing subcutaneously usually 
do not invade surrounding tissues).

	 4.	 Place tumor tissue in a sterile 50-ml conical tube. Rinse the tumor tissue three 
times using fresh phosphate-buffered saline (PBS) each time.

	 5.	 Place the rinsed tumor tissue in a sterile tissue culture dish. Using scissors, 
remove any remaining connective or other nontumor tissues surrounding the 
tumor as well as any visible necrotic sections of the tumor.

	 6.	 Place the cleaned tumor tissue in a sterile tissue culture dish, and cut it into 
small pieces with a sterile scalpel. Use a sharp blade to avoid compression dam-
age to the tissue. Place tissue pieces and any spilled cells into a new sterile 
50-ml conical tube, wash them with 1× PBS, spin the tissue down in a centri-
fuge at 300 × g for 5 min, and discard supernatant. This is done under a sterile 
laminar flow hood.

	 7.	 Add Accumax enzyme solution (Innovative Cell Technologies) to pelleted PCa 
tissue in a conical tube (add enough enzyme to cover the pellet). Incubate the 
tube for 20 min at 37 °C in a rotation shaker set at 150 rounds/min.

	 8.	 Filter out cell clamps from the resulting solution by using a sterile 
70-μm-diameter pore cell strainer into a new 50-ml conical tube. This is done 
under a sterile laminar flow hood.

	 9.	 Spin the resulting filtrate in a centrifuge at 300 × g for 5 min at room tempera-
ture. Remove and discard the supernatant. Resuspend the pellet in 20 ml of 
alpha-MEM medium containing 10% fetal bovine serum to neutralize any 
remaining Accumax enzymes.

	10.	 Rinse tumor solution three to four times, using fresh PBS each time
	11.	 Count the viable cells in the suspension prepared in J using a hemocytometer 

under a light microscope with a trypan blue assay.
	12.	 Spin the solution prepared in J again in a centrifuge at 300 × g for 5 min at 

room temperature. Discard the supernatant as described above, and then adjust 
the tumor cell concentration with growth medium to the desired cell density, 
and plate it in tissue culture dishes according to the study to be performed.

As previously mentioned, the genetic manipulation (e.g., transfection, silencing 
of gene expression) of PCa cPDXs is challenging because most of these cPDXs can 
be propagated in  vitro only in short-term cultures. One approach to genetically 
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manipulate cPDXs that is promising is the use of a green fluorescent protein (or 
green fluorescent protein-like)-tagged virus or bicistronic expression vectors for 
simultaneous expression of green fluorescent-like proteins and an insert DNA 
whose expression would lead to modulation of protein expression by overexpres-
sion, expression of mutant variants, or gene silencing. GFP tagged CRISPR-Cas9 
viral systems can also be utilized for targeted genome editing of cPDXs. Via sequen-
tial grafting of infected cPDXs in mice and ex vivo selection of labeled PCa cells 
using cell sorting, a PDX containing genetically manipulated cancer cells can be 
established in  vivo. This PDX retains the benefits of heterogeneity and in  vivo 
growth, although a certain level of selection of cells probably occurs. This proce-
dure is difficult, and the difficulty is primarily related to the feasibility of growing 
cPDXs in vitro in monolayers, with PCa cPDXs being the most challenging.

Recent reports described the establishment of organoids from PCa tissue or 
PDXs. These 3D in vitro procedures are more enabling of genetic manipulation of 
cPDXs than short-term cultures of cPDXs in monolayers, although these proce-
dures are laborious. Full, detailed protocols for the development of organoids were 
recently published [52, 53].

�Modeling Cell Migration and Invasion In Vitro

Single or collective cell migration in two-dimensional in vitro models can be mea-
sured using video microscopy (random motility) or by scraping a monolayer of 
confluent cells in culture and monitoring their ability to migrate back into the 
“wounded” area (wound healing assay; directed motility). This method allows for 
the study of polarization, force generation, and mechanisms of cell-cell cohesion 
during the movement of confluent monolayers [47, 54, 55].

A Boyden chamber-type system (i.e., a barrier in culture through which cellular 
invasion can be monitored and quantitated) has been used to model cellular inva-
sion. Several filters through which the cells crawl have been used. More frequently, 
an 8-μm pore filter is covered with a reconstituted ECM such as Matrigel (Corning 
Life Sciences and BD Biosciences), which mimics a collagen IV-rich basement 
membrane, fibronectin, laminin, or a fibrillar collagen I-like meshwork [54]. 
Similarly, the ability of cancer cells to enter and traverse thick (~2-mm) collagen 
gels or a monolayer of ECM-producing stromal cells can be used to recapitulate 
cellular invasion. In each case, chemotactic invasion can be measured by filling the 
lower chamber of the Boyden chamber-type system with a source of growth 
factors.

In collective cell migration, several mechanisms polarize the cells as “leader” 
cells that guide “followers” behind them. The differences between leaders and fol-
lowers are their clear differences in cell morphology and gene expression. Whereas 
cells at the leading edge of migration are often less ordered and mesenchyme-like, 
cells at the rear form more tightly packed assemblies, such as rosettes and tubular 
networks [47]. Other approaches to studying the invasion of cancer cells include the 
use of 3D scaffolds overlying ECM alone or with mesenchymal cells. These 
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platforms demonstrate how collective cancer cell invasion is facilitated by both 
leading cancer cells and leading stromal fibroblasts [56, 57]. For example, authors 
reported that squamous cell carcinomas that retain epithelial markers cannot 
remodel the surrounding matrix but instead follow stromal fibroblasts that remodel 
the ECM [56].

Researchers have developed new technology to monitor cell migration/invasion. 
For example, the xCELLigence RTCA DP instrument (ACEA Biosciences Inc.) can 
kinetically measure cell invasion and migration using an electronically integrated 
Boyden chamber (CIM-Plate 16). Another new development is the 3D spatially 
organized cancer invasion platform, a microfluidic cancer invasion platform capable 
of spatially organizing 3D cell-embedded hydrogel matrices while enabling real-
time 3D capture of cancer invasion within heterogeneous ECMs [47, 58, 59].

�Cancer Cell-Host Cell Interactions

Metastasis requires interaction between cancer cells and their microenvironment. 
This is particularly striking in the case of PCa, which is the only major malig-
nancy that consistently produces bone-forming metastases, suggesting that factors 
secreted by PCa cells induce bone formation. In this context, a vicious cycle 
mediated by soluble factors released by cancer cells and the bone is implicated to 
support cancer growth. Authors originally described this cycle in the interaction 
of breast tumor cells with bone cells [60]. Bone homeostasis is maintained by 
equilibrium of bone formation (mediated by osteoblasts) and bone resorption 
(mediated by osteoclasts). This balance is disrupted when cancer cells arrive and 
grow in the bone. Researchers proposed that tumor cells, osteoblasts, osteoclasts, 
and bone matrices are the four components of the vicious cycle necessary for the 
initiation and development of bone metastases [60]. Gene expression in tumor 
cells is modified by factors released from the bone matrix by osteoclast-mediated 
resorption. In PCa patients, bone lesions are frequently osteoblastic; thus, osteo-
blast activation is suggested to produce factors that favor the growth of PCa cells 
[19, 31, 32, 61, 62].

Boyden chamber-type systems have been used to study the effect of soluble fac-
tors released by cancer cells and host cell in the cancer cell-host cell interaction. The 
benefit of these systems is that the effect of soluble factors in the two cell types can 
be analyzed separately at the end of the study. With the use of this system, we 
reported that soluble factor release by PCa cells induced the expression of osteoblast-
specific factors in osteoblasts and that the Wnt canonical pathway mediated (at least 
in part) PCa-induced new bone formation (Fig. 7.2) [19, 62, 63].

Another approach to study cancer cell-host cell interactions involves the use of 
encapsulated cPDX tumor cells in a 3D hyaluronan-based hydrogel. Given the ubiq-
uity of hyaluronic acid in the bone marrow ECM, this approach may be useful in 
studying PCa cell-bone cell interaction. Use of this approach demonstrated that the 
hydrogel maintained PDX cell viability with continuous native androgen receptor 
expression (Fig. 7.3) [26].
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�Tumor Cell Intravasation

The chorioallantoic membrane in chicks is an accessible, blood vessel-rich mem-
brane onto which cPDXs can be placed to test their ability to intravasate into nearby 
blood vessels and disseminate. This can be studied in vivo in live chick embryos 
[64, 65] (reviewed in [66]).

Modeling Metastases in Mice In Vivo. Historically, the mouse has been 
widely used as a model organism to study and molecularly dissect the process 
of metastasis in vivo. Studies may involve the entire metastatic process when 
cells are injected orthotopically (in the site of origin of the cancer), and meta-
static spread is monitored macroscopically or by labeling the input cells with a 
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mice
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Cell viability, proliferation
immunocitochemistry
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RNA,
proteins

Primary mouse
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Fig. 7.2  Illustration of a Boyden chamber-type system used to study the interaction between 
PDX-derived cells (short-term cultures) and primary osteoblasts derived from the calvariae of 
4-day-old mice

Mixed CO
(Cancer cells+osteoblasts)

Bilayer hydrogel

Separate CO
(Cancer cells+osteoblasts)

Bilayer hydrogel

Fig. 7.3  Schematic representation of a 3D hydrogel system for PCa cPDXs and the mouse osteo-
blast cell line MC 3T3-E1. The hydrogel system comprises the thiolated hyaluronic acid and 
acrylate-functionalized peptides GRGDS (integrin binding) and PQ (matrix metalloproteinase sen-
sitive). Left, cPDXs are co-encapsulated with osteoblastic (MC 3T3-E1) cells. Thus, cPDXs and 
MC 3T3-E1 cells are in direct contact. Right, cPDXs and osteoblastic (MC 3T3-E1) cells are 
encapsulated separately. Thus, their effects are mediated by soluble factors
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transgene-expressing luciferase, which enables them to be tracked in vivo. In 
general, subcutaneous grafting of PDXs does not result in distant metastasis. 
Orthotopic engraftment of colorectal carcinoma PDXs has resulted in the 
development of liver and lung metastases in a proportion of cases [67]. Reports 
on metastases of breast cancer PDXs implanted orthotopically in the mammary 
fat pad in mice included different metastatic outcomes. In one report, metasta-
ses occurred at a very low rate (3 of 144 mice) after long periods of observation 
following resection of primary tumors [68]. Furthermore, these metastases did 
not result in a more aggressive metastatic phenotype upon retransplantation 
into new host tumors [68]. In two other reported studies, lymph node and lung 
metastases were frequently detected [69], with lung metastases found in 48% 
of cases [70]. Recently, authors reported that thin tissue slice grafts of renal 
cell carcinomas had the potential to metastasize to clinically relevant sites, 
including the liver, lung, and bone. Also, lymph node metastases were reported 
to develop after intramuscular implantation (in the quadriceps of mice) of 
PDXs derived from highly aggressive squamous cell carcinomas of the uterine 
cervix [71].

Frequently, researchers design their studies to focus on specific aspects of 
the metastatic process in vivo. For example, cell motility and invasion in vivo 
can be studied using intravital microscopy. The ability of cells to reach specific 
organs and grow can be studied with intracardiac injection of cancer cells into 
the left ventricle (termed “experimental” metastasis). In this scenario, the ini-
tial steps of metastasis are bypassed. Finally, the interaction of cancer cells 
with the host cells at the metastatic site can be studied using direct injection of 
the cancer cells into the organ subject of study. This strategy does not provide 
information about the metastatic process but does provide important informa-
tion on the tumor/stroma interactions that lead to tumor growth at the meta-
static site.

These experimental procedures have strengths and shortcomings, and determin-
ing the value of each of these methods comes down to the scientific question that is 
being addressed and how well the methods for answering the question were selected. 
For example, intracardiac injection of cancer cells into the left ventricle will provide 
important evidence regarding the preferred site of metastasis of a given cPDX and 
how this tropism can be altered by genetically manipulating the injected cells. 
However, the effects of genetic manipulation of the injected cells in the initial steps 
of metastasis cannot be studied using intracardiac injection. Also, the effects of 
genetic manipulation of the injected cPDX on cancer cell-host cell interaction at the 
metastatic site cannot be accurately assessed because the pattern of metastasis is 
unpredictable. A more informative method for the latter would be direct injection of 
a cPDX into the metastatic site because the subject of the study is controlled. For 
preclinical/co-clinical studies, direct injection of a cPDX into the organ of interest 
is preferred if the purpose of the study is to identify means of controlling the growth 
of established metastases. If the goal is to prevent the development of metastases, 
either orthotopic or intracardiac injection would be adequate. These methods are 
described below.
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�Intravital Microscopy

An approach to studying cell motility and invasion in vivo is labeling injected cells 
with a vital dye or a green fluorescent protein-tagged transgene, which allows for 
evaluation of the initial steps of metastasis using intravital microscopy. However, 
this approach can only be used when the tissue of interest can be accessed directly 
through an imaging window or surgically [72–74].

Briefly, multiphoton microscopy is based on the use of two or more low energy 
photons rather than a single higher-energy photon in examination of a sample. As a 
result, the focus is only on a dot, and no excitation or bleaching occurs above or 
below it. A significant advantage of using lower-energy excitation is penetration. 
Both deep-tissue imaging [75, 76] and imaging resolution at the single-cell level for 
monitoring of tumor cell behavior during metastasis [77–79] are possible thanks to 
multiphoton excitation. This technology allows for imaging even at the subcellular 
level, resulting in definition of parameters such as cell kinetics, morphology, the 
presence and nature of protrusions, and the proliferative state to further understand 
tumor heterogeneity and better outline its role in the different steps of metastasis.

A great benefit of assessing tissues using this technology is that they generate 
intrinsic signals on their own. For example, collagen fibers making up the ECM in 
bone tissue become optically accessible by second harmonic generation. 
Additionally, third harmonic generation permits visualization of cell and tissue 
interfaces, such as water-lipid interfaces, including adipocytes, microvesicles, exo-
somes, and nerves, owing to the high density of myelin in them. Technologies that 
do not require external probes include optical frequency domain imaging for deep, 
continuous imaging over time [80] and Coherent anti-Stokes Raman spectroscopy 
for studying lipid distribution [81]. Even moving nonfluorescent host cells can be 
imaged as a “side effect” of fluorescent tumor cells caused by light scattering by the 
resident cells, particularly immune cells, that form shadows outlining their shapes 
[82]. Many of the components of the tumor microenvironment are readily capable 
of being imaged.

The role of the microenvironment in metastasis can be studied via simultaneous 
imaging (using intravital microscopy) of stroma and tumor cell components stained 
with dyes in multiple colors [77, 83]. A wide variety of vital dyes can be injected 
directly into mice, enabling staining of specific cell types and/or subcellular struc-
tures endogenously [84]. For example, AngioSense (PerkinElmer), fluorescent dex-
trans, quantum dots (nanocrystals), and fluorescently labeled lectins that selectively 
bind to endothelial cells [85] can be used to visualize blood vessels and lymph 
nodes. Also, distinct cell populations, such as macrophages and monocytes, can be 
labeled with iron oxide nanoparticles. Furthermore, the activity of some enzymes 
can be examined, such as metalloproteinases using MMPSense (PerkinElmer) and 
cathepsins using ProSense®. Other agents, such as blue Hoechst 33342, are used for 
ex vivo cell staining. Stable expression of the fluorescence ubiquitination cell cycle 
sensor reporter system can be used to monitor the proliferative status of tumors 
implanted subcutaneously in mice [86]. OsteoSense 680 EX (PerkinElmer) is an 
in vivo imaging agent used to study bone growth and resorption by defining areas of 
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microcalcification and bone remodeling using fluorescent bisphosphonate. 
Photoswitchable flourophores such as Dendra2, PSmOrange, and Kaede, which act 
by switching the color of a subset of cells, are applied to tracking the position and 
motility of tumor cells in subsequent imaging over multiple days. With the use of 
this feature, studies of primary cancer cell colonization at distant organs in a mouse 
orthotopic mammary cancer model revealed that some tumor microenvironments 
could stimulate metastatic behavior, whereas others exhibited lower rates of tumor 
cell invasion and intravasation [87].

Single-cell resolution studies identified different modes of migration of 
tumor cells—mesenchymal, ameboid and blebby, streaming, and collective—
which can be found together in strands, clusters, or single cells in the same 
lesion. Multiphoton excitation allows for optical examination of morphologic 
cell changes. Reduction in compactness of ECM network during carcinogenic 
progression frees up cell movement and morphology. In general, the shapes of 
the tumor cells are not elongated, rigid, or fibroblastic anymore after reduction 
of ECM network but tend to be ameboidal with extending lamellipodia at their 
edges [76, 79]. At the subcellular level, the arrangement of the cytoskeleton 
components in migrating cells, assayed via fluorescent labeling of the myosin 
light chain in the actomyosin, demonstrated how the myosin light chain local-
izes to extending protrusions in motile cells and that these protrusions, or inva-
dopodia, cause ECM deformation [88]. Signaling pathways involved in 
migration in situ also can be visualized.

As described previously, intravital microscopy can be used only when the tis-
sue of interest can be accessed directly through an imaging window [72, 74]. 
Researchers have developed different approaches to accessing tumor tissue opti-
cally. The dorsal skinfold chamber is one widely used technique, although a dis-
advantage of this method is that the tumor grows ectopically (except for 
skin-derived cancers) and the size of the tumor is limited to that of the slide inside 
the chamber. Also, investigators developed a cranial window implant to image the 
brain cortex, which is facilitated by the shallow thickness and thus the relative 
transparency of the brain surface [89]. Abdominal imaging windows are used to 
study tumors in the intestine, pancreas, and liver. Mammary imaging windows are 
used to recapitulate breast tumors orthotopically. Other organs can be made more 
accessible using surgical procedures with variable degrees of invasiveness. A 
small skin incision enables imaging of popliteal lymph nodes [90], whereas the 
liver can be visualized via previous exteriorization and superfusion with physio-
logical saline solution [91]. In developing models of other organs, such as the 
kidney, pancreas, spleen, and heart, researchers must consider inflammatory 
responses as well as muscle contractions, respiration, and blood vessel pulses, 
which can cause unwanted movements during imaging that must be restrained 
under deep anesthesia and with some form of physical immobilization.

Further methods to accessing tumor tissue optically and model the specific 
microenvironmental site in an ectopical imaging chamber context have been intro-
duced. The application of engineered scaffolds to mimicking the bone as a preferred 
site of metastasis of breast and PCa and as a key site of stem cell development has 
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been useful. These are called implantable microenvironments and can be visualized 
in a dual skinfold chamber [92]. Tissue engineering is another field that will help 
further model metastases for the study of invasion, migration, and cancer cell-host 
cell interaction.

�Intracardiac Injection of Tumor Cells into the Left Ventricle

Intracardiac injection of tumor cells measures experimental metastases and is aimed 
at the direct release of cPDXs into the left ventricle so that they can reach all organs 
via the blood vessels. The cPDXs can be labeled with luciferase so that they can be 
visualized when they grow in distant organs. The methods we use to implant tumor 
cells into the left ventricle are described below:

	1.	 Using the solution prepared in J (processing fresh PCa PDXs for in vitro stud-
ies), spin it again in a centrifuge at 300  × g for 5  min at room temperature. 
Discard the supernatant, and then adjust the tumor cell concentration by adding 
1× PBS as needed to produce a final suspension containing 0.5 × 106 to 1.5 × 106 
tumor cells per 50–100 μl. Place the tube containing the final suspension on ice 
in preparation for implantation of the cells into mice as described below.

	2.	 Anesthetize 5- to 6-week-old male severe combined immunodeficiency mice 
that can receive tumor cells using isoflurane as described above.

	3.	 With the mouse placed in supine position (dorsal side down), fix the legs with 
tape. The mouse should be symmetrically positioned. Sanitize the surgical field 
(chest) by spraying it with 70% alcohol, and dry it with sterile gauze.

	4.	 Identify and mark the sternal notch and xyphoid process. Mark the middle point 
between them slightly to the left of the sternum (in the intercostal space).

	5.	 Gently finger flip a few times a tube containing a prepared and iced tumor 
cell-PBS suspension to remix and aspirate 200 μl of the suspension into a 
syringe with a 26.5-gauge needle, leaving 200 μl of air space. Air must be 
near the plunger to allow for blood pumping when the needle enters the left 
ventricle. Note: the tumor cells must be free of aggregates to prevent embolic 
obstruction.

	6.	 Inject cells into the marked point, maintaining the needle and syringe in a verti-
cal position at 90°. Successful insertion into the left cardiac ventricle should 
result in a distinct bright red pulse of blood in the syringe.

	7.	 While holding the syringe steady (with the wrist fixed to the bench), slowly 
inject 50–100 μl of the cell suspension over 20–30 s. Once the injection is com-
plete, the needle must be taken straight out quickly.

	8.	 Remove the needle quickly and dry the wound with gauze. Quickly withdrawing 
the needle from the chest prevents seeding of tumor cells in the heart and/or lung. 
Place pressure on the chest with alcohol wipes for about 30  s to prevent the 
bleeding.

	9.	 Return the mouse to a clean cage and observe it for bleeding or other unusual 
behavior. Wait for the mouse to recover completely from the anesthesia.
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Metastases to the bone can be visualized in x-ray analyses. Metastatic lesions 
in the bone are believed to grow in the medullary cavity first. The tumor cells 
then interact with the surrounding bone cells, activating osteoblasts (bone-form-
ing cells) and osteoclasts (bone-degrading cells). This results in various degrees 
of bone formation (mediated by osteoblasts) and resorption (mediated by osteo-
clasts). Bone metastases that predominantly induce bone formation, bone resorp-
tion, or mixed bone formation/resorption display predominant osteoblastic, 
osteolytic, or mixed patterns on radiographs. PCas typically produce bone-form-
ing metastases, whereas breast cancers typically produce osteolytic bone metas-
tases. Furthermore, macroscopic metastases can be identified at necropsy and 
should be confirmed via histopathological analysis of involved organs. Typically, 
osteolytic metastases are easily recognized on x-rays, appearing as C-like 
notches. Figure 7.4 shows two examples of PC3 PCa cells (which are osteolytic) 
after intracardiac injection in male severe combined immunodeficiency mice. 

a b c d

e f g h

Fig. 7.4  (a) Radiographs of a mouse hemipelvis and rear limb illustrating a radiolucent area suspi-
cious of an osteolytic bone metastasis in the right tibia (arrow). (b) Magnification of the radiolu-
cent area in the tibia. (c) Formalin-fixed, paraffin-embedded section of the suspicious area in A 
demonstrating the presence of a tumor (100× magnification). (d) A higher magnification (400×) 
image of the indicated area in c. (e) Radiographs of a mouse hemipelvis and rear limb illustrating 
a radiolucent area suspicious of an osteolytic bone metastasis in the left femur (arrow). (f) 
Magnification of the radiolucent area in the femur. (g) Formalin-fixed, paraffin-embedded section 
of the suspicious area in E demonstrating the presence of a tumor (100× magnification). (h) A 
higher magnification (400×) image of the indicated area in c
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This method has proven very popular, as cells tend to home to the bone, and key 
events in the metastatic process after dissemination of tumor cells into the circu-
lation can be monitored.

�Direct Injection of Tumor Cells into the Metastatic Site

Direct injection of tumor cells is useful for studying cancer cell microenviron-
ment interactions. In particular, bone metastases of PCa are sites of treatment 
resistance; thus, this approach is useful in co-clinical (i.e., treatment with the 
same drug or drugs in humans and mice performed in parallel with PDXs with 
genotypes representing those of the patients) and preclinical studies for assess-
ment of the impact of treatment on not only tumor volume but also PCa cell-bone 
interaction.

Some investigators perform these studies using intratibial implantation of cancer 
cells, but we prefer to perform intrafemoral injection, because the bone marrow cav-
ity in the femur is bigger and better defined than that in the tibia. Thus, we can better 
emulate the way in which PCa cells reach the bone. In addition, we perform our 
studies with PCa cells confined to the bone. This variable can be better controlled in 
the femur, which is bigger than the tibia. The methods we use for implantation of 
tumor cells into mouse bone (femur) are described below.

	1.	 Using the solution prepared in J (processing fresh PCa PDXs for in vitro stud-
ies), spin it again in a centrifuge at 300  × g for 5  min at room temperature. 
Discard the supernatant, and then adjust the tumor cell concentration by adding 
1× PBS as needed to produce a final suspension containing 0.5 × 106–1.5 × 106 
tumor cells per 5–10 μl. Place the tube containing the final suspension on ice in 
preparation for implantation of the cells into mice as described below.

	2.	 Anesthetize 5- to 6-week-old male severe combined immunodeficiency mice 
that can receive tumor cells using isoflurane as described above.

	3.	 With the mouse placed in the left lateral decubitus position, shave the skin over 
the distal femur (usually the right femur in our laboratory), and sanitize the sur-
gical field (lateral side of the distal end of the femur) by spraying it with 70% 
alcohol.

	4.	 Gently finger flip a few times a tube containing a prepared and iced tumor cell-
PBS suspension to remix and aspirate 15 μl of it into a sterile, glass-tight 25-μl 
Hamilton syringe with a 28.5-gauge needle. Place the filled syringe and tube 
with the cell suspension back on ice. Note: the Hamilton needle must be cut to a 
length of 2.5–3.0 cm. Next, use a Dremel 10.8-V cordless rotary tool and 541 
aluminum oxide grinding wheel to sharpen, polish, and make a smooth blunt end 
of the Hamilton needle.
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	5.	 With sharp 9-cm straight scissors, make a 0.5-cm skin incision on the lateral side 
of the distal end of the femur (Fig. 7.5). Expose the bone, and manually create a 
track through the cortical bone into the bone marrow cavity by pushing a sterile 
28.5-gauge needle (attached to an insulin syringe) into the femur until the mar-
row cavity is reached. Note: feeling for the reduction of resistance that occurs 
when the needle passes from the cortical bone into the bone marrow cavity is 
important.

	6.	 When the track is made, gently remove the needle, and insert the 28.5-gauge 
needle attached to the Hamilton syringe containing the tumor cell suspension 
through the established needle track into the bone marrow cavity. Slowly inject 
3–5 μl of the cell suspension, depending on the number of cells desired, into the 
cavity.

	7.	 Carefully remove the needle and spray the injection area with 70% ethanol. 
Close the skin wound with one or two surgical clips.

	8.	 Observe the mouse for 24 h after the implantation procedure for any apparent 
physiologic disturbances, such as infection or inability to walk. Kill any mice 
with such signs of physiologic distress.

	9.	 Remove the wound clips in the usual manner 10–14 days after the implantation 
procedure. Note: only manual restraint without anesthesia is necessary during 
clip removal.

Anesthetize 5- to 6-week-old SCID
mice that are to receive tumor cells

Surgical incision Knee tendon

Femur

Hold femur and tibia with
eye forceps and select

puncture point

Gently insert needle attached to Hamilton syringe
containing tumor cell suspension through the

established needle track into the bone marrow
cavity and slowly inject cell suspension

Carefully remove needle.
Clean injection area and

close skin wound with one or
two surgical clips

Drill a hole in lateral side of distal end of femur with
needle till marrow cavity is reached. Keep the needle

direction parallel to longitudinal axis of femur

Fig. 7.5  The method used for intrafemoral injection of cPDXs in the bone in male severe com-
bined immunodeficiency mice
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Figure 7.6 shows radiographic images of two PCa PDXs and one PCa cell line 
with osteoblastic and osteolytic phenotypes. Tumor volume after direct injection of 
tumor cells in the bone can be monitored using magnetic resonance imaging, and 
bone reaction to cancer cell growth can be monitored using micro-computed tomog-
raphy [19, 29, 43, 93]. Histomorphometry of undecalcified bone provides an accu-
rate measure of tumor-induced bone reaction and treatment effects on normal bone 
and tumor-induced bone reaction [43]. However, interpretation of bone histomor-
phometric results should consider that these measurements are usually performed in 
the mid-cancellous region of the distal metaphysis of the femur (Fig. 7.7). Thus, 
when measuring tumor-bearing bones, the heterogeneity of bone lesions induced by 
cancer-induced bone remodeling requires a high number of biologic replicates to 
provide meaningful results.

Although preclinical/co-clinical studies also can be performed after intracardiac 
injection of cancer cells, the random cancer cell distribution limits quantification of 
the assay results. Also, these studies cannot distinguish tropism and growth.

MDA PCa 118b MDA PCa 183 PC3

Fig. 7.6  X-ray images of PCa cells growing in bone in 6- to 8-week-old mice (MDA PCa 118b 
and MDA PCa 183) or 3-week-old mice (PC3) after injection of 106 cells into the distal end of a 
femur

Fig. 7.7  Representative longitudinal section images of undecalcified femurs stained with tartrate-
resistant acid phosphatase and counterstained with hematoxylin. Left, normal bone. Right, tumor-
bearing bone. *Growth plate. Magnification, 50×
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Abbreviation

PDX	 Patient-derived xenograft

�Introduction

Cancer remains a major cause of death worldwide. Along with advancing can-
cer prevention, more effective treatments are desperately required. Despite sig-
nificant strides over the past 30 years, resistance to systemic therapies remains 
a massive obstacle [1]. Diverse mechanisms of acquired resistance to cancer 
chemotherapies have been discovered [2]. Moreover, multiple mechanisms of 
resistance may exist against a single therapy [3–9]. Despite being able to iden-
tify some of the mechanisms underlying drug resistance, many of them are still 
unknown. Furthermore, biomarkers to predict how resistance will occur and 
optimal subsequent treatment methods remain to be determined in the majority 
of cancer cases. Resistance to a therapy may be innate or acquired [10]. To 
combat innate resistance, improved patient stratification strategies for thera-
pies are required. To combat acquired resistance, a better understanding of the 
numerous mechanisms of resistance that can arise, and how to avoid or over-
come them, is imperative.

To study a phenomenon as complex as acquired therapy resistance, optimal 
tumor models are required. Models based on cultured cancer cell lines have 
been shown to poorly predict patients’ responses to drugs, in part due to a lack 
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of tumor heterogeneity, lack of three-dimensional tissue architecture and stro-
mal support, and lack of dynamic and naturally occurring physiological phe-
nomena such as hypoxia [11]. In contrast, patient-derived xenograft (PDX) 
tumor models have been reported to recapitulate major complexities of patients’ 
malignancies, including their responses to therapies [8, 9, 12–14]. Furthermore, 
such models can be leveraged to study the heterogeneity within a patient’s 
tumor; a single tumor sample may be split and implanted into multiple biologi-
cal replicates, each potentially representing an array of subclones. The PDX 
models may also lend themselves to molecular characterizations of tumors dur-
ing the course of treatment. Such procedures are not yet routinely performed in 
patients due to clinical challenges in deciding which tumor site to re-biopsy, as 
well as ethical issues such as the invasiveness of the biopsy procedure [15]. 
With PDXs, however, multiple biological replicates can be implanted allowing 
for subsets to be studied at various time points of the treatment regimen. As 
such, PDXs lend themselves as excellent models for studying the development 
of resistance to therapies.

We recently carried out a PubMed search based on “patient-derived xenograft 
models” and “resistance” which led to numerous studies, the majority of which 
describe experimental models of innate resistance. Often these studies involve treat-
ment of multiple PDX models with a therapy aimed at determining what is molecu-
larly different between the responders and the nonresponders. They then generally 
use these differences to predict the responses of another cohort to the same therapeu-
tic [16–19]. As these studies fringe on “biomarker studies,” they will not be the major 
focus of this chapter. The same PubMed search yielded a handful of studies of which 
at least one section investigated acquired resistance using PDXs. We selected 15 of 
these investigations for comparative analysis as they cover the scope of methods and 
motivations (summarized in Table 8.1) for studying acquired therapy resistance by 
PDX models.

�Therapeutic Doses for Development of Drug Resistance

One of the first steps in studying acquired resistance is to identify a model that is 
sensitive to the therapy of interest. Often more than one drug dosage will be 
explored during this initial PDX screening phase, in an effort to determine the 
optimal dose that produces tumor sensitivity while avoiding mouse toxicity; a 
theoretical example of such a study is presented in Fig. 8.1. From these initial 
screening studies, a dose can be determined for future investigations, such as 
modeling acquired resistance. Such initial drug screening studies are not always 
published together with the acquired resistance studies. In the case of vemu-
rafenib, Das Thakur et al. [20] reported their initial screening study in the same 
paper as their resistance study. They investigated the growth-inhibitory activity of 
vemurafenib at three separate doses, 5, 15, and 45  mg/kg and found that the 
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lowest dose was ineffective (similar to Dose A in Fig. 8.1), whereas the two higher 
doses were able to shrink the tumors. Surprisingly, 15 mg/kg was almost as effec-
tive as the higher dose. However, it became apparent that 45 mg/kg was the more 
effective dose as it maintained minimal disease, whereas tumors treated at 15 mg/
kg began to escape inhibition after approximately 1 month (similar to Dose C in 
Fig. 8.1). As such, the authors decided to use the highest dose for their resistance 
modeling (similar to Dose D in Fig. 8.1).

Shen et al. [21] also reported their preliminary drug sensitivity screening in 
the same paper as their acquired resistance study. Two doses, 12.5 or 25 mg/kg 
of crizotinib once a day for 21 days, were investigated. However, data from the 
lower dose cohort were shown for only one of the PDX models studied. 
Regardless, using the model that was most sensitive to crizotinib, the authors 
chose to continue to treat at the lower dose of 12.5 mg/kg for another month 
to develop resistance. Using our example shown in Fig. 8.1, the authors essen-
tially explored Doses C and D and opted to use Dose C for developing 
resistance.

Other investigators used different ways of screening drug dosages to generate 
therapy resistance. Gaponova et al. performed a drug screen for STA-8666 at 75 mg/
kg for over a month and achieved stable disease or tumor regression (similar to Dose 
D in Fig. 8.1); they then increased the dosage to 150 mg/kg which led to increased 
regression. However, two of the three tumors escaped therapeutic control and grew 
uncontrollably [22]. Micel et al. similarly did a drug screen of the MEK inhibitor 
TAK-733, examining 25 or 10 mg/kg, and then used 100 mg/kg to develop resis-
tance [23].

Contol
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Dose C (medium)

Dose D (high)
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Fig. 8.1  Example of an initial drug screening study to determine optimal dose for subsequent 
experiments. The average tumor volume (y-axis) of five mouse cohorts was plotted over time 
(x-axis). The gray arrow represents the start of treatment for the four dosed cohorts. In this exam-
ple Dose A has the lowest drug concentration, Dose D has the highest, and Dose B and C are in 
between
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�Tumor Volume at Treatment Initiation

Tumor volume is often the main characteristic used to determine when to start PDX 
dosing. Some studies use rolling enrollment, i.e., treatment of individual mice is 
started whenever their tumors reach a specific volume (Fig.  8.2a). Treatment of 
mice can also be started when their tumors reach a prespecified average volume 
(Fig. 8.2b). Given the technical difficulties of regularly measuring orthotopically 
implanted tumors (aside from mammary fat pad implantations), studies using these 
models tend to rely more on timing rather than specific tumor volumes [24, 25]. 
Among the studies using subcutaneously implanted PDXs, however, the tumor vol-
ume at dosing initiation varies widely, regardless of which enrollment method is 
used.

A number of studies did not explicitly state at what tumor volume treatment was 
started. Some of these studies reported the growth curves, with actual tumor vol-
umes on the y-axis, allowing readers to extrapolate the starting volumes [20, 21, 
26]. Unfortunately, other studies either did not report a starting tumor volume and 
published graphs with transformed data [22, 27, 28] or stated parameters such as 
“during log phase,” which could cover a wide range of volumes [29]. Monsma et al. 
[30] reported that treatment was started when tumors were in exponential growth; 
however, they also gave an approximate tumor volume to indicate what this might 
mean [30]. Ter Brugge et al. [31], Micel et al. [23], Gao et al. [32], and Tentler et al. 
[33] specifically stated either the mean or the individual tumor volume criteria that 
they used for treatment initiation, all of which seem to have been chosen around 

a

b
Fig. 8.2  Schema depicting 
two methods for 
determining when to start 
treatment. (a) Rolling 
enrollment: starting to treat 
individual mice when their 
respective tumors reach a 
predetermined volume. (b) 
Mass enrollment: starting 
to treat all mice when the 
average tumor volumes 
reach a predetermined 
volume
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100–300 mm3 [23, 31–33]. Ciamporcero et al. [34] also reported the approximate 
tumor volumes for treatment initiation; however, this was reported in mm2 instead 
of mm3, making comparisons with other studies less direct [34].

�Methods for Developing Drug Resistance

The overall method for developing a resistant model also varies from study to study. 
Parameters, such as constant versus escalating doses, constant versus cycled doses, and 
dosing across one or more passages, were varied across experiments. The majority of 
studies utilized continuous dosing at one concentration until resistance developed 
(Fig. 8.3a). The resistant tumors were either molecularly characterized or serially pas-
saged to maintain a resistant model for further studies [20, 21, 23, 25, 26, 28, 29, 32, 
33]. Ciamporcero et al. [34] also used continuous dosing; however, once tumors regrew 
under therapeutic pressure to double their initial volume, PDXs were considered “resis-
tant” and randomized into experimental arms to determine the effectiveness of alter-
nate therapies (Fig. 8.3b). Gaponova et al. [22] also employed continuous dosing to 
develop resistance, yet increased their dosage from 75 to 150 mg/kg STA-8666 after 
approximately 1 month (Fig. 8.3c). Cottu et al. [27] dosed their PDXs continuously, yet 
performed three further serial passages, with continued dosing, before they considered 
the model to be truly drug-resistant and used it for further studies (Fig. 8.3d).

Aside from variations on continuous dosing, some studies also employ cycling 
methods to develop drug resistance. Again, specifics such as number of passages 
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Passage for subsequent
drug-screening
experiments or
molecularly characterize
resistant tumour.
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resistant, stratify for further
drug screening.

Passage for subsequent
drug-screening
experiments or
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resistant tumour.
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Fig. 8.3  Schema depicting 
the four major continuous 
dosing regimens to develop 
resistance. Gray vertical 
arrow represents when 
treatment was started. Red 
horizontal arrows 
represent length of dosing
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and drug dosages vary across studies. Monsma et al. [30] treated PDX tumors of 
~160 mm3 for 28 days, during which average tumor volumes regressed. After this 
treatment period, the researchers allowed three tumors to relapse (off treatment) and 
passaged them into a new cohort of mice and again allowed them to reach ~160 mm3 
before treatment was continued. Upon the therapeutic rechallenge, the tumors 
exhibited decreased drug sensitivity and did not regress but continued to grow while 
under therapeutic pressure (albeit at a slower rate than untreated control tumors) 
(Fig. 8.4a). Vidal et al. [24] also cycled therapies across multiple passages to gener-
ate a resistant model; however, they increased the dose at each passage (Fig. 8.4b). 
The mice received one cycle of cisplatin at 2 mg/kg once a week for 3 weeks, and 
the tumors were then allowed to relapse. Tumors were then passaged into the next 
cohort of mice and allowed to again grow until intra-abdominal masses were 
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Fig. 8.4  Schema depicting the three major cycled dosing regimens to develop resistance. Gray verti-
cal arrows represent when treatment was started. Dark gray vertical arrows indicate higher dose. 
Black vertical arrows indicate stopping treatment.  Red horizontal arrows represent length of dosing
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palpable. These PDXs received one cycle of cisplatin at 3 mg/kg once a week for 
3 weeks and were then allowed to relapse. This process was repeated for up to five 
passages and cycles with increasing doses (cycle 3, 3.5 mg/kg; cycle 4, 4 mg/kg; 
cycle 5, 5  mg/kg). After the fifth cycle, a stably shortened time to relapse was 
observed for the PDXs, and they were considered “cisplatin-resistant” and used for 
further studies. Lastly, Ter Brugge et al. [31] cycled tumors within a single passage 
(Fig. 8.4c). Mice were randomized when their tumors reached a volume of 100 mm3, 
and treatment was initiated at 200 mm3. Treatment was stopped if tumors regressed 
to <50% of the initial tumor volume and was resumed once the starting volume was 
regained.

�Motivation for Developing Drug-Resistant PDX Models

Resistance was developed in PDXs across these studies for a number of reasons. 
While many of the studies using PDXs with acquired resistance had more than one 
focus (as depicted in Table 8.1), there seem to be four major themes. Studying the 
mechanism of acquired resistance was, as expected, the most common theme found 
in the studies reviewed. For some studies such as those by Nathanson et al. [28], 

Table 8.1  Summary of major focus of studies using resistant PDXsa

References

Novel 
MoR to 
drug

Optimal 
subsequent 
therapies

Clinical 
utility of 
model

Possibility of AR to 
a new drug

Nathanson et al. [28] ✓
Kopetz et al. [26] ✓
Das Thakur et al. 
[20]

✓ ✓

Shen et al. [21] ✓
Ter Brugge et al. 
[31]

✓

Monsma et al. [29] ✓ ✓
Ciamporcero et al. 
[34]

✓

Cottu et al. [27] ✓ ✓
Monsma et al. [30] ✓ ✓
Vidal et al. [24] ✓
Gao et al. [32] ✓ ✓
Zhao et al. [25] ✓ ✓
Tentler et al. [33] ✓ ✓
Gaponova et al. [22] ✓
Micel et al. [23] ✓ ✓

aOnly major conclusions from the PDX portions of the studies are reported; papers may have gone 
on to explore other avenues and drawn more conclusions using alternative models. While all 
reports mentioned at least some sort of molecular anomaly that was observed in the resistant PDX 
but not in the sensitive parental model, only those that specifically sought the exact mechanisms of 
resistance, and not just potential passenger anomalies, are noted under the MoR studies. MoR 
mechanism of resistance, AR acquired resistance
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Kopetz et al. [26], Shen et al. [21], and Ter Brugge et al. [31], resistant PDXs were 
generated to study novel mechanisms of resistance. Das Thakur et al. [20], Monsma 
et al. [29, 30], Ciamporcero et al. [34], Cottu et al. [27], and Vidal et al. [24] focused 
on determining optimal subsequent therapies to combat the acquired resistance that 
had developed. Gao et al. [32] and Zhao et al. [25] developed resistance in large part 
to demonstrate the benefit of using their models to study clinically relevant issues. 
Finally, Tentler et al. [33], Gaponova et al. [22], and Micel et al. [23] investigated 
the efficacy of novel therapies and wanted to determine whether acquired resistance 
might occur and through what mechanisms.

�Perspectives and Future Directions

Determining how best to model acquired resistance by choosing a treatment regi-
men including drug concentration, PDX enrollment, and treatment timing can be a 
subjective matter. As such, some perspectives on each matter deserve a discussion.

The use of a lower dose that decreases tumor growth rate, but does not cause 
actual tumor shrinkage, may seem ineffective [21]. By the end of Shen et al.’s initial 
screen of 21 days, the tumor had actually continued to progress, albeit at a slower 
rate than the control tumors, suggesting that the optimal dose had not been achieved. 
The higher dose of crizotinib seems more optimal as it shrank tumors, and no toxici-
ties were reported, thus making it the appropriate dose for modeling acquired resis-
tance. However, achieving higher, optimal doses is not always possible in humans, 
and treatments that merely slow the growth of tumors may be clinically relevant.

Clearly reporting parameters such as tumor volume at treatment initiation is imper-
ative as this criterion can have a large effect on a study’s outcome. Some treatments 
may be affected by the volume of the tumors. For example, large tumors may have 
more hypoxic and/or less vascularized regions, potentially decreasing effectiveness of 
the therapy employed. In contrast, small tumors may not be fully established in their 
implantation site, lacking supportive stroma that is observed in clinically detectable 
tumors, making them more vulnerable to treatments. As such, clearly stating impor-
tant experimental parameters such as tumor volume at treatment initiation allows 
readers to draw their own conclusions regarding the reported results of the study.

Lastly, reporting individual growth curves for all replicates in a study provides 
potentially useful information to readers. For example, if all replicates develop 
resistance, a highly distributed subclone (Fig. 8.5a) or therapy-induced event, such 
as epigenetic reprogramming or increased transcription of pro-survival genes 
(Fig. 8.5b), may be responsible for the resistance. If only a few replicates develop 
resistance, perhaps only those replicates contained rare subclones with innate mech-
anisms of resistance, such as mutations within the target pathway (Fig. 8.5c). At the 
very least, authors should state how many replicates actually developed resistance. 
Furthermore, the growth kinetics of tumors developing resistance may be 
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informative too. Slow-growing “resistant” tumors may simply be demonstrating a 
decrease in sensitivity to drug and may actually be inhibited by higher doses, 
whereas quickly growing “resistant” tumors may have acquired novel mechanisms 
of resistance that completely overcome any therapy-specific effect regardless of 
dose. Among the manuscripts reviewed, approximately half showed either all repli-
cates [20, 22, 27, 31] or at least showed examples of individual growth curves that 
did develop resistance [26, 29, 33]. Some of the subcutaneous PDX studies did not 
show any growth curves for the development of acquired resistance and only 
reported on downstream applications of the resistant model(s) [23, 32].

a

b

c

Fig. 8.5  Schema demonstrating how various mechanisms of resistance may impact the number of 
biological replicates that actually develop resistance in a study. (a) Acquired resistance is due to a 
highly distributed subclone with innate resistance. (b) Acquired resistance is due to a therapy-
induced cellular event such as epigenetic and/or transcriptional reprogramming. (c) Acquired 
resistance is due to only a few rare subclones with innate resistance
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�Conclusions

PDXs provide versatile cancer models for studying multiple facets of acquired 
drug resistance. It has been shown that, following exposure to pharmacological 
pressure, they develop resistance via similar mechanisms and with similar time-
lines as patients’ tumors [25, 32]. PDXs have been used to study novel mecha-
nisms of resistance to current therapies [21, 26, 28, 31] and to investigate what to 
do once resistance develops [24, 27, 34]; they also have been used to try to stay 
ahead of the game and determine the propensity of tumors to acquire resistance 
to novel therapies [22, 23, 33]. PDXs are even becoming incorporated into clini-
cal trial studies: PDXs with acquired resistance have been used in lieu of post-
progression biopsies to determine potential mechanisms of resistance observed 
in a clinical trial [26]. Given the versatility of these models to explore clinically 
relevant issues in a timely manner, we believe that PDX incorporation into the 
clinic will become more common in the future.
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CTC	 Circulating tumor cells
ctDNA	 Cell-free tumor DNA
ncRNA	 Non(protein)-coding RNA
NOD-SCID	 Nonobese diabetic, severe combined immune deficient
NSCLC	 Non-small cell lung cancer
PDAC	 Pancreatic ductal adenocarcinoma
PDX	 Patient-derived xenograft
SPIDER	 Serial Patient-Derived Xenograft Models to Eliminate Cancer 

Therapy Resistance Trial

�Introduction

We aim to highlight how patient-derived xenografts (PDX) have been utilized in 
cancer research in the development of biomarkers. Biomarkers are important in 
oncology for early diagnosis, risk stratification, selection of optimal treatment, and 
monitoring of response to therapy. Biomarkers are the cornerstone of individualized 
therapy according to specific parameters of the patient and the patient’s malignancy. 
Better biomarkers are considered essential in our pursuit of reduced treatment toxic-
ity, improved quality of life, and better overall survival.

Biomarker discovery is dependent on the comprehensive understanding of tumor 
biology. Patient-derived primary xenografts (PDX) represent an advanced preclini-
cal model that facilitates investigation of patient tumor biology. By implanting 
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patient tumor tissue directly into immunodeficient mice, the architectural integrity 
of the tumor and especially the associated stroma is preserved. As a result of this 
preservation of the tumor microenvironment, these models more closely represent 
the patient tumor than any other preclinical models, especially xenograft models 
utilizing tumor cell lines from tissue culture. Cell lines are altered by prolonged 
growth in culture and a complete lack of stroma, so that xenograft models from 
these only poorly reflect the clinical disease. These variations also affect the phar-
macodynamics and pharmacokinetics of novel drugs being tested. Proteomic and 
genomic alterations that are critical for understanding drug efficacy and targeted 
therapy may be aberrant in cell lines compared to the true patient disease.

The ability of PDX to closely mimic the human cancer from which they were derived 
makes them a valuable tool in biomarker discovery and validation. Typically the paren-
tal tumor and the PDX undergo careful molecular analysis to demonstrate preservation 
of the patient tumor biology in the model system and to identify priority pathways and 
targets. Molecular findings can be linked to observed phenotypic behavior, for example, 
the propensity to metastasize. PDX are particularly well suited for treatment studies and 
subsequent studies on markers of response to treatment. Here we will discuss how these 
features of PDX make them particularly suitable for biomarker development.

�Definition of a Biomarker

The term biological marker or biomarker was coined in the early 1980s and has been 
defined as a particular biological feature that serves as an indicator of normal pro-
cesses, pathological mechanisms, or pharmacological reactions to therapeutic interven-
tion. Crucial to a biomarker is that it must be objectively measurable and appraisable 
[1, 2]. Hence, a cancer biomarker refers to a measurable biological parameter, often a 
particular protein, mRNA, or genomic alteration, that reflects the presence of cancer in 
the body, the aggressiveness of a cancer, or the likelihood that the cancer will respond 
to a therapy. Many markers are tissue based, but ideally biomarkers should be har-
vested in a noninvasive manner, and biofluids (especially blood, urine, and saliva) are 
often the ideal medium for marker development [3]. This allows repeated collection of 
samples for biological analysis without burdening patients with intrusive procedures.

�Patient-Derived Xenografts (PDX)

Xenotransplantation is the transplantation of living cells, tissues, or organs from one 
species to another (WHO Definition). Patient-derived xenografting is defined as the 
transplantation of human living cells or tissues into another species, commonly into 
rodents such as mice and rats. It was thought that the response to treatment of the 
human tissues in the xenograft-bearing mice would more accurately reflect the clin-
ical response in patients than would the treated cell lines in a petri dish. The intratu-
moral heterogeneity and histologic characteristics of the original tumor were 
maintained, allowing for improved proof of principle studies [4].

A key feature that has driven the development of PDX is the ability of PDX to 
predict drug resistance in tumors. In one study, the accuracy of PDX for predicting 
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drug response was 90%, compared to 60–70% accuracy in 3D cell cultures (My 
Mighty Mouse, The Scientist, Scudellari M, April 1, 2015). Several international 
companies have now specialized in the breeding of PDX mice for research pur-
poses, and several different subtypes of immunodeficient strains are available. The 
development of the NOD/SCID/IL2R mouse strains, for example, by additionally 
blocking the maturation of natural killer cells, offers a particularly immunodeficient 
mouse useful for engrafting difficult tumors more efficiently. These mice allow for 
excellent engraftment rates (approaching 95–100%) [5].

Unfortunately xenografting has its limitations. Although the preservation of tumor 
stroma is a strength of this model, the integrity of the stroma is gradually lost over the 
course of early passage, and it is quickly replaced with host stroma [6]. This affects 
drug distribution and metabolism, and tumor growth does not necessarily reflect the 
exact biology of the original tumor. Testing therapies that target the stromal compo-
nent of tumors is of limited value in PDX models. In addition, due to the risk of rejec-
tion of the tumor implant, only immunocompromised mice are used for xenografting. 
The study of immunomodulating therapies in PDX is therefore not possible [4].

�Classification of Cancer Biomarkers

There are several ways to classify biomarkers including the origin of the specimen 
(e.g., blood, urine, cerebrospinal fluid, tissue) or according to the structural compo-
nent of the biomarker (e.g., DNA, RNA, protein) [3]. Figure 9.1 groups biomarkers 
according to proposed clinical functionality. Any given biomarker can be represented 

Fig. 9.1  Biomarker Classification. Adapted from Mishra A, Verma M. Cancer biomarkers: are we 
ready for the prime time? Cancers. 2010;2(1):190–208. doi:10.3390/cancers2010190
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in more than one subcategory in this classification. Diagnostic biomarkers indicate 
the presence of disease, while prognostic biomarkers indicate the likely course the 
disease will take independent of the treatment administered. Predictive biomarkers 
indicate the likely response to a specific treatment. Predictive biomarkers are the 
basis for individualized therapy. The following discussion of biomarker development 
in the context of PDX is based on the structural component of the biomarker.

�DNA Biomarkers

The most fundamental event in the development of cancer is the alteration of genetic 
information in the cancer cells that leads to autonomous growth. Changes may 
include especially mutations, copy number changes, and gene rearrangements. 
Gene expression may also be altered in similar fashion by epigenetic changes. 
Specific DNA alterations may or may not be relevant to the biology of the tumor, 
and this will be reflected in the utility of these alterations as DNA biomarkers. 
Driver alterations can be used to select treatment. The overall mutation rate may 
also be a relevant marker, as reflected in the use of mutational burden as a marker of 
response to checkpoint immunotherapies [7].

In a typical example of identifying an important DNA biomarker in a PDX 
model, Kortmann et  al. established a PDX derived from a patient with ovarian 
serous carcinoma and a germline BRCA2 mutation. The PARP inhibitor olaparib 
alone and in combination with carboplatin markedly inhibited growth in this model 
but not in a second serous carcinoma PDX with normal BRCA status [8]. A subse-
quent randomized clinical trial showed that BRCA status can be used to enrich 
ovarian cancer patients responsive to olaparib [9].

The new frontier in DNA biomarkers is the measurement of DNA alterations in 
the blood of patients with cancer. Tumor DNA spills into the bloodstream with the 
natural turnover of tumor cells, and this circulating cell-free tumor (ct)DNA can be 
identified within the background of plasma DNA derived from normal cells and 
hematopoietic cells [10–13]. In its simplest form, a recent study showed that the 
amount of detectable ctDNA correlates with the patient tumor burden [14, 15]. 
ctDNA can, however, be exploited for much more with next-generation sequencing, 
which allows precise determination of tumor-specific DNA alterations. Since the 
ctDNA should reflect the entire tumor burden, it may overcome some of the limita-
tions of tumor heterogeneity that arise with tissue sampling. Because it only requires 
a blood draw, ctDNA is an assay that can be repeated longitudinally to monitor 
disease progression and response to therapy. Treatment-induced alterations in the 
genomic landscape can be identified, and appropriate, rational changes in therapy 
can be instituted. This is discussed below in the context of precision oncology.

�RNA Biomarkers

Synonymous with the decoding of genes has been the translational function of mes-
senger RNA (mRNA), converting the genetic information into functional proteins 
[16]. However in the last two decades, the discovery of many different regulatory 
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nonprotein-coding RNA (ncRNA) has revolutionized the understanding of funda-
mental biological mechanisms and consequences of dysregulation resulting in dis-
ease [17]. ncRNA has also become the focus of diagnostic and therapeutic biomarker 
development. The FDA has approved several RNA sequencing tests (Table  9.1) 
[18].

Proof of principle studies to validate in vitro biomarker discoveries are being 
performed using PDX models. These models closely reflect the patient tumor 
microenvironment but enable biomarker investigation without burdening the 
patients directly. Crea et al. demonstrated this principle in PDX models of prostate 
cancer [19]. In RNA sequencing of paired metastatic and nonmetastatic PDX, they 
identified the long non-coding RNA PCAT18 as the most highly upregulated tran-
script. Cancer-specific upregulation of PCAT18 was confirmed in an independent 

Table 9.1  Selected examples of current RNA-based clinical tests

RNA 
biomolecule Method Examples Use

Viral RNA qRT-PCR • Influenza virus
• Dengue virus
• HIV
• Ebola virus

Viral detection 
and typing

mRNA qRT-PCR • AlloMap (CareDx; heart transplant)
• Cancer type ID (Biotheranostics)

Diagnosis

Microarray Afirma thyroid nodule assessment 
(Veracyte)

Diagnosis

qRT-PCR • �Oncotype DX (Genomic Health; breast, 
prostate, and colon cancer)

• Breast cancer index (Biotheranostics)
• Prolaris (Myriad; prostate cancer)

Prognosis

Digital bar-coded 
mRNA analysis

Prosigna breast cancer prognostic gene 
signature (NanoString)

Prognosis

Microarray • MammaPrint (Agendia; breast cancer)
• ColoPrint (Agendia; colon cancer)
• �Decipher (GenomeDX; prostate cancer)

Prognosis

miRNA Microarray Cancer origin (Rosetta Genomics) Diagnosis

Fusion 
transcript

qRT-PCR AML (RUNX1-RUNX1T1) Diagnosis

qRT-PCR BCR-ABL1 (REF. 21) Monitoring 
molecular 
response during 
therapy

qRT-PCR 
(exosomal RNA)

ExoDx Lung (ALK) (Exosome Dx) Fusion detection

RNA-seq FoundationOne Heme Fusion detection

Adapted from Table 1 of Byron SA, Van Keuren-Jensen KR, Engelthaler DM, Carpten JD, Craig 
DW. Translating RNA sequencing into clinical diagnostics: opportunities and challenges. Nat Rev. 
Genet. 2016;17(5):257–71
AML acute myeloid leukemia, BCR breakpoint cluster region, miRNA microRNA, qRT-PCR quan-
titative reverse transcription PCR, RNA-seq RNA sequencing, RUNX1 runt-related transcription 
factor 1, RUNX1T1 runt-related transcription factor 1 translocated to 1 (cyclin D related)
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prostate cancer patient cohort. PCAT18 was also detectable in plasma samples, and 
levels increased with more advanced disease.

The same group in another study compared differential RNA expression between 
a metastatic and nonmetastatic prostate cancer PDX and discovered a circulating 
microRNA signature that differentiated localized from metastatic prostate cancer 
[20]. A subsequent analysis of patient specimens showed some overlap with the 
PDX-derived signature [21].

A more recent study has taken a more comprehensive approach to the identifica-
tion of RNA biomarkers in PDX [22]. A group linked to AstraZeneca performed 
RNA sequencing on 79 PDX models from various solid tumors. Since the human 
stroma of PDX is replaced by mouse stroma within a few passages, species-specific 
RNA sequencing allowed this group to perform comprehensive analysis of interac-
tions between the human tumor and the murine microenvironment. They were able 
to establish independent tumor and stromal biomarkers. The clinical relevance of 
this approach remains to be determined.

�Protein Biomarkers

As DNA and RNA biomarkers have strongly influenced our understanding of can-
cer dynamics in terms of disease identification, progression, treatment modulation, 
and development of resistance to treatment, so has the development of proteomics. 
The proteome represents the entire set of proteins modified or produced by an 
organism [23]. To some degree, the proteome represents the final product of the 
innumerable events that happen at the DNA and RNA level. Analysis of the human 
genome has identified over 20,000 protein-coding genes (an integrated encyclope-
dia of DNA elements in the human genome [24]). Posttranslational modifications 
add to the complexity of the proteome. A wide variety of protein cancer biomarkers 
has been described, but only a small number has been approved for clinical use by 
the FDA (Table 9.2).

The PDX model system lends itself also to protein biomarker discovery. Chiang 
et al. established two different PDX from a single patient with prostate cancer. One 
model was metastatic and the other was nonmetastatic [25]. Analysis of differential 
gene expression between the two models revealed six candidate master regulatory 
genes as drivers of metastasis in prostate cancer. One of these markers was GATA2, 
a transcription factor that facilitates the recruitment of additional transcription fac-
tors. Subsequent analysis revealed that elevated GATA2 expression in metastatic 
prostate cancer tissues correlated with poor patient prognosis. Additional in vitro 
and in vivo investigations showed that GATA2 may also be a relevant target of novel 
therapies.

Another example of protein biomarker discovery in PDX can be found in models 
of pancreatic ductal adenocarcinoma (PDAC). In PDX treated with gemcitabine, 
expression of the gemcitabine-activating enzyme deoxycytidine kinase was found 
to be a predictor of response to gemcitabine [26]. A subsequent investigation of 
patient tissue samples confirmed these results [27].
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Table 9.2  Current protein cancer biomarkers approved by the FDA

Nr

Type of 
tumor 
marker Biomarker Type of tumor Application

Type of 
specimen Methods of detection

1 Oncofetal 
antigens

Alpha-fetoprotein 
(AFP)

Testicular 
hepatocellular

Risk 
assessment, 
diagnostics, 
and disease 
monitoring

Serum Immunoassay

2 Carcinoembryonic 
antigen (CEA)

Colorectal Disease 
monitoring, 
treatment 
response, 
progression

Plasma Immunoassay

3 Cancer 
antigens

CA125 Ovarian Monitoring 
disease, 
treatment 
response

Serum, 
plasma

Immunoassay

4 CA19-9 Pancreatic Monitoring 
disease, 
treatment 
response

Serum, 
plasma

Immunoassay

5 CA 27, 29 Breast Monitoring 
disease, 
treatment 
response

Serum, 
plasma

Immunoassay

6 CA 15-3 Breast Monitoring 
disease, 
treatment 
response

Serum, 
plasma

Immunoassay

7 Human epididymis 
protein 4 (HE4)

Ovarian Monitoring 
disease, 
treatment 
response, 
recurrence

Serum Immunoassay

8 OVA1 Ovarian Risk 
assessment, 
diagnostics

Serum Immunoassay

9 ROMA 
(CA125,HE4)

Ovarian Risk 
assessment, 
diagnostics

Serum Immunoassay

10 Fibrin, fibrinogen 
degradation 
product DR-70

Colorectal Disease 
monitoring, 
diagnostics

Serum Immunoassay

11 Thyroglobulin Thyroid Monitoring 
disease

Serum, 
plasma

Immunoassay

12 Enzymes Prostate-specific 
antigen (PSA)

Prostate Disease 
monitoring, 
diagnostics

Serum Immunoassay

(continued)
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Nr

Type of 
tumor 
marker Biomarker Type of tumor Application

Type of 
specimen Methods of detection

13 Receptors Estrogen receptor 
(ER)

Breast Prognosis, 
treatment 
selection 
and 
response

FFPE Immunohistochemistry

14 Progesterone 
receptor (PgR)

Breast Prognosis, 
treatment 
response

FFPE Immunohistochemistry

15 Human epidermal 
growth factor 
receptor 2 (HER/
Neu)

Breast Prognosis, 
treatment 
selection

FFPE Immunohistochemistry

16 Mast/stem cell 
growth factor 
receptor 
(SCFR)/c-Kit

Gastrointestinal Diagnosis, 
treatment 
selection

FFPE Immunohistochemistry

17 Cell 
nuclear 
proteins

p63 Prostate Differential 
diagnosis

FFPE Immunohistochemistry

18 Nuclear mitotic 
apparatus protein 
NMP22/NuMa

Bladder Early 
detection, 
cancer 
monitoring

Urine Immunoassay

Adapted from Mäbert K(1), Cojoc M, Peitzsch C, Kurth I, Souchelnytskyi S, Dubrovska, A. Cancer 
biomarker discovery: current status and future perspectives, Int J Radiat Biol. 2014;90(8):659–77. 
doi:10.3109/09553002.2014.892229

Table 9.2  (continued)

�Precision Oncology

The underlying principal of precision oncology is to anticipate the driving 
genomic alterations of an individual tumor and to select targeted drug treatment 
accordingly. Durable responses even to these molecularly guided therapeutic 
modulations, however, are rare and drug resistance invariably arises. Identifying 
markers of resistance and developing novel agents to overcome this resistance are 
key unmet needs in cancer research and treatment. Precision oncology is an itera-
tive process driven by biomarker discovery. It involves all the components of bio-
markers described above.

The main limitation of current concepts of precision oncology lies in our inabil-
ity to predict which genomic alterations are driving growth and metastasis of an 
individual tumor. PDX can serve as the foundation of a program of evidence-based 
precision oncology by facilitating the determination of the driving alterations 
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before administering therapy to patients (Fig.  9.2). Tumor tissue taken from 
patients is implanted into mice as PDX, but in parallel also undergoes comprehen-
sive molecular characterization. The established PDX are characterized in a similar 
fashion to ensure that it remains comparable to the original patient tumor. 
Computational algorithms are applied in order to predict key driving alterations 
and identify putative drug targets. The PDX-bearing mice are then treated with the 
corresponding drugs, and antineoplastic effects are measured. Only if a clear 
response is observed, is the agent administered also to the patient from whom the 
PDX was derived. This may involve rational co-targeting of more than one gene or 
gene network to overcome potential mechanisms of resistance. If treatment resis-
tance is observed, new PDX can be grown and the process can be repeated, or the 
already established PDX can be investigated for molecular alterations that may 
explain the resistance.

A similar model of precision oncology has been developed at the University of 
California, Davis, with the Serial Patient-Derived Xenograft Models to Eliminate 
Cancer Therapy Resistance (SPIDER) trial. In this study tumor biopsies are being 
taken from patients prior to treatment initiation and then again once therapy 

Treatment
naïve

Tumour
sample

Liquid biopsy
(CTC, CFD)

FACS

Sequencer

Imaging

Patient-derived
xenograft

Pre-clinical
validation

Development of co-targeting strategies

Patents, licenses, companies

Biomarkers and targets

Computational analysis

Personalized
OMICs profiling

(genomics, proteomics)

Cryostat

LC/MS

Confocal

Treatment
resistant

Translation
(clinical paths)

Monitoring of tumour progression

Fig. 9.2  The Vancouver Prostate Centre model of evidence-based precision oncology, employing 
comprehensive molecular profiling of patient tumor tissue, establishment of PDX for target valida-
tion, and longitudinal monitoring of molecular landscape of tumor with liquid biopsy

9  Using PDX for Biomarker Development



136

resistance has emerged. The PDX models are treated with the same targeted agents 
that are administered to the patients. This allows the research team to study the 
developing genomic resistance mechanisms seen within the patients and their rep-
resentative PDX.  Targeted therapy can be modulated to the evolving molecular 
changes, and even future mutational changes can perhaps be anticipated. This was 
demonstrated by Hidalgo et al. where targeted treatment was introduced to patients 
once modulated drug therapy successes were achieved in their corresponding PDX 
models [28].

Stewart et al. have demonstrated biomarker-driven precision oncology in PDX 
models of EGFR-mutated non-small cell lung cancer (NSCLC) [29]. Only 6 of 33 
early-stage lung adenocarcinoma samples were successfully engrafted, and these 
were shown to be more proliferative than those that failed engraftment. The cor-
responding patients had reduced overall and disease-free survival compared to the 
patients from whom the tissue failed to engraft. The response to EGFR-targeted 
therapy in these PDX closely recapitulated the course in the corresponding 
patients. Although the sample size was very small, there was some indication that 
c-MET amplification with high protein expression was associated with primary 
resistance to EGFR-targeted therapy. The PDX therefore revealed not only a 
potential marker of resistance, but also a potential target for therapy. Targeting 
c-MET with crizotinib induced tumor regression alone in one PDX and in combi-
nation with erlotinib in a second PDX with lower c-MET protein expression. The 
evidence for c-MET inhibition from clinical trials has been inconsistent, and more 
investigation is required to determine the true value of this marker. The MARQUEE 
trial showed a benefit for the c-MET inhibitor tivantinib in combination with erlo-
tinib in a subset of patients with c-MET amplification, but the METLung phase III 
trial showed no additional benefit of onartuzumab in advanced NSCLC with 
c-MET overexpression.

In a similar fashion, Bertotti et al. put together a cohort of 85 PDX from patients 
with colorectal cancer [30]. The PDX responded to EGFR-targeted therapy (cetux-
imab) at a rate and to a degree that would be expected in a similar patient popula-
tion. Based on a panel of predictive biomarkers the investigators were able to 
prospectively stratify the likelihood of response. As expected, KRAS mutation was 
an important marker of resistance, but so too was HER2 amplification in KRAS 
wild-type tumors. Combined HER2 and EGFR inhibition in these HER2-amplified 
tumors resulted in durable responses in the PDX model, and this was later validated 
in clinical trials.

Both of these examples demonstrate that PDX are often used to identify mecha-
nisms of primary drug resistance. Another strategy is to treat PDX that are primarily 
responsive to a specific drug until these PDX develop acquired resistance. Analysis 
of the resistant tumors can then elucidate mechanisms of resistance. This recapitu-
lates the usual scenario in patients. This has been done, for example, with cisplatin 
in platinum-sensitive ovarian cancer [31]. It has also been tested with acquired 
resistance to the BRAF inhibitor vemurafenib in melanoma PDX models [32].

The ultimate model for using mouse models of cancer to inform precision oncol-
ogy is the “mouse hospital”. Although based primarily on genetically engineered 
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mouse models, PDX also fit this paradigm. Clohessy et  al. [33] reported on this 
concept recently in conjunction with the concept of the co-clinical trial [34], 
whereby patients and the corresponding PDX are treated with the same drugs in a 
clinical trial setting, and the PDX models are used for detailed molecular evaluation 
of response and resistance. Co-clinical trials allow for rapid real-time transfer of 
information from mouse models to human trials.

Gao et al. at Novartis established 1075 PDX models from some of the most com-
mon adult solid tumors [35]. Each tumor type was represented by between 6 and 
215 individual PDX. Each PDX was profiled at the RNA and DNA level, and a 
panel of 38 therapies was administered depending on the tumor type and the 
genomic changes identified. Each mouse received one treatment, but each patient 
tumor was represented in different mice, so that any single tumor was treated with 
multiple agents. Response rates based on tumor type and genomic alterations closely 
resembled what would be expected in a similar patient population. While explor-
atory analyses were conducted to identify biomarkers of resistance in these PDX, 
the models were also used to validate markers of resistance that had been hypothe-
sized in vitro. These potentially predictive biomarkers were, however, not validated 
in patients.

Real-time patient monitoring to identify emerging resistance is another crucial 
component of precision oncology. Minimally invasive liquid biopsies are a particu-
larly attractive means to achieve this goal. Liquid biopsy refers to the molecular 
characterization of a tumor by analysis of ctDNA and circulating tumor cells (CTC). 
CTC can be analyzed also for RNA and protein changes, so that these parameters 
together provide detailed information on the evolving molecular landscape of the 
tumor under the selective pressures of ongoing treatment. Liquid biopsies are able 
to overcome the common barrier of not being able to profile patient tissue routinely 
in the metastatic setting.

While the analysis of ctDNA and CTC in patient samples continues to evolve, 
PDX offer the opportunity to refine methodology prior to clinical implementation. 
Giuliano et  al. demonstrated in PDX models of breast cancer that CTC can be 
detected in the majority of cases. Hayashi et al. developed a digital drop PCR assay 
to detect tumor-specific EWS-ETS breakpoints in Ewing sarcoma cell lines, PDX, 
and patients. The EWS-ETS translocation is known to drive the growth of this tumor 
type, but the intronic breakpoint is specific to each individual tumor. Detection of 
EWS-ETS in ctDNA of PDX-bearing mice correlated closely with disease burden, 
and, for example, was able to detect metastatic disease recurrence after resection of 
the primary tumor.

It is important to acknowledge limitations of PDX models with respect to preci-
sion oncology. As soon as the PDX models are transitioned to in vitro cultured cell 
lines, they are likely to drift rapidly from the parental tumor [33]. They are also 
likely to drift at a molecular level with each successive generation of propagation 
in mice. A key limitation of PDX is also the engraftment rate, which can vary by 
tumor type, organ site of inoculation, and research group. Only a selection of 
tumors can be studied in the PDX model, which may mean that PDX do not repre-
sent the broader patient population [36]. Furthermore, PDX may underrepresent 
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the heterogeneity of the original tumor, as more aggressive clones are likely to 
dominate. Finally, in the current era of rapidly evolving immunotherapy, PDX are 
severely limited by the lack of an intact immune system in the host mouse, which 
is most frequently the nonobese diabetic, severe combined immune-deficient 
(NOD-SCID) mouse. However, mouse models with a humanized immune system 
have been developed [37, 38]. Unfortunately these add expense to an already costly 
model system.

�Conclusion

As cancer research and clinical oncology move increasingly towards molecularly 
directed therapy, PDX are an important tool not only in drug testing but also in 
biomarker development. Whether studying biomarkers at the RNA, DNA, or 
protein level, and whether in tissue, blood, or other bodily fluid, the PDX provide 
a model system that recapitulates patient disease with the highest fidelity. The 
PDX are most important for deciphering the driver from the passenger altera-
tions, thereby facilitating target validation and enabling evidence-based preci-
sion oncology.
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�History of the Utility of Mouse Models in Oncology Drug 
Discovery and Development

New drugs discovered for oncology clinical trials require profiling in preclinical spe-
cies before entering humans. One aim of preclinical experiments is to screen com-
pounds to identify those that engage the target in vivo and have the best drug-like 
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properties. Another aim is to assess the translatability of the identified drugs to the 
clinic, i.e., to understand potential efficacy of the compound in different types of 
cancer and subpopulations of those cancers. Mouse models have long been used for 
both of these aims of drug identification and translatability, because of their ease of 
use.

The original mouse models for oncology drug discovery were mice carrying 
mouse tumors which had arisen spontaneously or been created by exposure to 
carcinogenic agents. The ability to grow and expand these mouse cancer cell 
lines in  vitro enabled the same models to be widely used and disseminated 
between researchers, resulting in approximately 20 well-known and utilized syn-
geneic mouse models for drug discovery research. The first human tumor xeno-
grafts were published in the late 1960s and early 1970s after the advent of 
immunocompromised mice [1, 2]. These mice, because they are immunocompro-
mised, do not reject human cells, allowing human tumors to grow in them. The 
original xenografts were constructed using cancer cell lines developed by cultur-
ing tumor tissue from patients in vitro. Unfortunately, continuous passaging of 
the cells in vitro tend to select for cellular subsets that thrive in plastic dishes, 
leading to loss of the original tumor heterogeneity. In addition, tumor growth-
supporting factors such as those arising from tumor stroma and extracellular 
matrix are eliminated—a major departure from the natural tumor state [3, 4]. 
Nevertheless, cell line in vivo xenografts have been, and still are, very useful in 
screening compounds for drug-like properties. In drug discovery, these kinds of 
models are often used to assess the drug exposures needed to modulate the bio-
logical effect and what biological effect is needed to observe efficacy, i.e., data 
crucial for identifying the best compounds to pursue. However, when it comes to 
the translatability question, predicting which populations of patients in the clinic 
may respond, patient-derived xenografts, obtained by directly engrafting cancer 
tissue from patients in mice without the in vitro culturing step, are thought to 
have more utility. This is because PDXs retain more key characteristics of the 
original tumors than cell line-based xenografts and also because of the impres-
sive diversity of tumors available. Indeed, for some programs, cell line-based 
models are not relevant. For example, cell lines grown in 2D lose their depen-
dency on the Hedgehog (Hh) pathway as shown with cultured medulloblastoma 
cells [5], making it impossible to use such cell line models to assess the efficacy 
of Hh pathway inhibitors.

Consequently, the need for drug discovery programs, such as those targeting 
developmental pathways, has contributed to the rapid expansion in the industry to 
obtain and characterize PDXs in the belief they are more translatable to the clinic. 
Supporting this argument, genomic analysis of PDXs compared to cell lines and 
The Cancer Genome Atlas (TCGA) has shown that various signaling pathways are 
under- or overrepresented in cell lines across lineages to a greater degree than in 
PDXs [6]. It should be noted, however, that all models are imperfect in their own 
way and that the best models which answer the specific question or objective in 
hand should be chosen.
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�Status of PDX Models Available for Drug Discovery

Many PDX models have been successfully established for pancreatic ductal adeno-
carcinoma (PDAC), breast carcinoma, gastric carcinoma, colorectal carcinoma 
(CRC), non-small cell lung carcinoma (NSCLC), esophageal carcinoma, ovarian 
carcinoma, AML, and many other cancers [7]. There are some gaps in PDX collec-
tions: for example, prostate cancer models have been notoriously hard to establish, 
although exceptions are found, and head and neck cancers (HPV causative) have 
also been difficult to grow as PDXs, although some research groups have valuable 
collections. Estrogen receptor (ER)-positive and ER-dependent PDX models are 
limited; even if ER positivity is retained, lack of response to estrogen-targeted 
agents is often noted [8]. A potential method to overcome this is to graft the cells 
into the milk ducts instead of implanting them in the subcutaneous compartment. 
The ER+ tumor cells develop, like their clinical counterparts, in the presence of 
physiological hormone levels. Intraductal ER+ PDXs are retransplantable, predic-
tive, and appear genomically stable, providing opportunities for translational 
research and the study of physiologically relevant hormone action in breast carcino-
genesis [9].

Histological and genetic characterization has shown that once a PDX is estab-
lished, the tumor architecture is largely preserved and, at most, undergoes lim-
ited genetic drift [7, 10, 11]. Furthermore, engrafted tumor tissue retains the 
genetic and epigenetic abnormalities found in patients. Although xenograft tis-
sue can be excised from the patient to include the surrounding human stroma 
[12], it should be noted that after a couple of passages in mice, the human stroma 
component is completely replaced by mouse stroma, making it impossible to use 
xenografts for studying all cancer cell-stroma interactions. For example, the 
human Met receptor does not recognize the mouse Met ligand, so paracrine Met 
signaling is not recapitulated. Also, mouse prolactin (PRL) antagonizes the 
human PRL receptor, thereby impairing the ability of PRL receptor-positive 
human tumors or cell lines to grow in mice [13]. Additionally, as with cell line-
based xenografts, the vasculature in subcutaneously injected tumors is not mim-
icked well, being exceptionally leaky, so caution should be taken if anti-angiogenic 
drugs are assessed with these models [12]; orthotopic models may be more 
appropriate to evaluate this category of agents. Finally, as PDXs are grown in 
immunocompromised mice, many immune components are lacking in most mod-
els [14], leading to an inability to evaluate immunomodulatory agents in these 
mice. However, it should be noted that more complex models can be created to 
“humanize” the immune system in such mice by adoptive transfer protocols and 
other methodologies [15, 16].

Site-specific microenvironmental differences and the lack of an immune system 
are likely to have substantial roles in the selection of cells of the original donor 
tumor that preferentially get established as a PDX in the immunodeficient animal. 
The clonal dynamics of breast xeno-engraftment have been examined at single cell 
resolution [17]. While the initial clonal selection, i.e., the first passage in mice, 

10  Patient-Derived Xenografts as Cancer Models



144

seems quite variable, PDXs are, once established, in most cases relatively geneti-
cally stable. This could have a profound impact when using personalized PDXs to 
guide patient therapy, as in the avatar trial setting. However, if PDXs are used to 
represent any patient with a similar genetic profile, the profile of the original sample 
becomes moot.

Recently, considerable genomic analysis of over 400 PDXs has revealed 
that, for the most part, panels of PDXs can represent the genetic heterogeneity 
found in the patient population [6]. When comparing PDXs and cell lines with 
the TCGA, it was found that PDXs more faithfully represent the patient popu-
lation than cell lines where various signaling pathways are under- or overrep-
resented across lineages. For example, in cell lines, there is under-representation 
of alterations in the PI3K pathway in NSCLC and overrepresentation of the 
transforming growth factor (TGF) beta pathway in PDAC and receptor tyrosine 
kinase (RTK) alterations in BRCA.  In contrast, in the PDX collection, these 
pathways are accurately represented at a similar mutation frequency as reported 
for patient tumors. The discrepancies between in vitro and in vivo data may 
well reflect the clonal bias inherent in immortalized cells propagated on plas-
tic. Given that there are considerably many more PDX models available than 
cell lines also leads to the use of PDXs to model the diverse inter-patient het-
erogeneity seen in man.

The ability to quickly profile protein phosphorylation of many samples, now 
catching up with the ability to readily carry out genetic profiling, means that the 
PDX tumor models will soon be even better characterized than even 5 years ago, 
with information at the protein cell signaling pathway level [18].

�Utilizing PDX Tumor Models for Drug Discovery 
and Translatability

In drug discovery, various steps are applied to identify and profile lead com-
pounds and ultimately new drug candidates. One stage, often referred to as lead 
optimization, is the process in which numerous compounds are profiled through 
assays using “work horse” models to determine how a molecule can be opti-
mized so the final version is a compound with excellent drug-like properties. 
Some of these assays are in vivo assays which, for oncology programs, most 
often utilize cancer xenograft models. Here, target engagement is assessed in 
an in vivo context, and three data sets are combined to ultimately understand 
the relationship of three parameters: drug exposure or pharmacokinetics (PK), 
target engagement or pharmacodynamics (PD), and drug efficacy. Once the 
optimal chemical matter has been identified to pursue, xenograft models are 
somewhat expanded to look at PK-PD- efficacy in a handful more models. It is 
important to assess the compound in a variety of in  vivo models, as the 

J.A. Williams



145

predicted exposure of the drug, needed to see efficacy in humans, is calculated 
from the ability of a drug to halt tumor growth (tumor stasis) or regress the 
tumor in these models—with the understanding that a range of models may 
likely aid a better prediction. Although cell line-based xenografts are often 
used at these stages of drug discovery due to their ease of use, PDX models 
may, dependent on the availability of specific models, be more useful. For 
example, recently identified mutations in the estrogen receptor, ESR1, in endo-
crine therapy-resistant ER-positive breast cancer patients are only found in 
established PDX models and not in cell lines [19]. Regardless, even if many 
cell lines can be used for a given target, it may be prudent to use at least one 
PDX model for determining a human dose prediction, as sometimes the PDX 
models may be more resistant to treatment. Additionally, a range of models 
with different sensitivities is helpful to more accurately predict the human 
exposure needed to have a significant effect.

After the lead optimization stage of the drug discovery process is complete, 
and a lead compound has been identified to take into humans, then the candidate 
drug enters the translational phase of drug discovery. One aspect of this phase is 
to determine where the drug may have further applications, i.e., expand upon the 
initial hypothesis of where the drug may be effective, to other indications and 
subsets of populations in those indications. Traditionally, to examine “indication 
expansion,” only a few representative models for each indication were chosen. 
Additionally, experiments were done with these models by using N = 8–10 mice 
for each dose of agent being tested, numbers potentially necessary for statistical 
evaluation of the agent to overcome growth variations of the tumors. However, 
oncology drugs have had low rates of success in clinical trials [20, 21], and 
although this may be attributed to a range of reasons, one is that cancer is a very 
heterogeneous disease. The implications of this are that testing drugs with only a 
few models for each cancer indication may not capture the heterogeneity of the 
disease and subsequently overpredict the patient population that will benefit 
from the drug or, contrary, not be powered to identify the individuals who will 
benefit most. Profiling drugs across a large panel of oncology models may seem 
a large undertaking, highly costly, and time-consuming. However, with the 
increasing standards for what robust efficacy means, from reducing the rate of 
growth (growth control) to wanting tumor stasis or stable disease (SD), and pref-
erably regression [partial regression (PR) or complete regression (CR)], the need 
for large Ns for each model diminishes.

More recently, groups have been performing large-scale screening using the 
“mouse clinical trial” or MCT approach first described by Migliardi et  al. [22]. 
Here, a limited number of mice carry one PDX and are treated with one drug, but 
the number of PDXs from different patients is large. When looking at responses in 
this paradigm, it is not the response of an individual mouse/tumor per se that is 
important when evaluating a drug but the population response, just like in a human 
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clinical trial. MCT data are assessed, close to how one would in a human clinical 
trial, for example, measuring “best response” and “time to progression” (Fig. 10.1). 
Migliardi et al. [22] chose to evaluate the effect of four different treatment arms 
(ERK, MEK, and PI3K inhibitors) across 40 different colon cancer PDXs each with 
an n = 4. Another study [23] took a similar screening approach, in this case using 
over 100 different colorectal cancer models (n = 5 or 6) to profile the efficacy of 
epidermal growth factor receptor inhibitor, cetuximab, and found concordance in 
the response to this drug of EGFR-amplified models and CRC patients in the clinic. 
In the latter case, all tumors were well annotated with complete exome sequence 
and copy number analyses, to enable determination of the population response rela-
tive to genetic profile.

Also more recently, large-scale mouse clinical trials using the 1 × 1 × 1 approach 
have been published. In this paradigm, only one mouse is used, bearing one type of 
PDX, and given one treatment [6, 24]. In both cases investigators determined that 
using the one animal per cohort study design has outstanding reproducibility for 
data collected with cohorts using an n = 4 or greater. A very comprehensive study 
of a panel of pediatric tumors [25] substantially analyzed the individual tumor 
response by taking a randomly chosen mouse and comparing the response to the 
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Fig. 10.1  Modeling inter-patient response heterogeneity with mouse clinical trials (MCTs). (a) 
Schematic depicting the mouse clinical trial paradigm where mice bear one representative PDX 
tumor, originally created from the tumor of one patient and treated with one therapy or combina-
tion of therapies (mirroring a human clinical trial setting). Data are collected in much like the 
fashion it would be in the clinic, and those results influence which therapies are given to current 
patients, i.e., guided clinical trials. (b) Representative data from a mouse clinical trial showing 
“best average response” data in a waterfall plot and also pseudo-survival data approximated by the 
probability of time to endpoint by tumor doubling. This example shows the efficacy of encorafenib, 
a Raf inhibitor, combined with LEE011, a CDK4/CDK6 inhibitor in a melanoma mouse clinical 
trial. The data show that this combination has a profound effect on BRAF gain-of-function xenopa-
tients and also some BRAF and NRAS wild-type patients. They also show that the effects of the 
drugs are more pronounced when administered in combination than as single agents
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group median. In a total of 2134 comparisons, the single tumor response accurately 
predicted the group median response in 1604 comparisons (75.16%) (mean tumor 
response correct prediction rate 78%). Allowing for the misprediction of +/− one 
response category (SD, PR, CR), the overall mean correct single mouse prediction 
rate was 95.28% and predicted overall object response rates for group data in 66 of 
67 drug studies. The ability to use the 1 × 1 × 1 approach of course enables many 
more types of PDX and treatment groups to be assessed operationally and the het-
erogeneity of patients to be captured experimentally. This has been most compre-
hensively demonstrated in a study where 62 treatments were assessed across six 
indications comprised of 29–45 models per indication [6]. Here modified RESIST 
criteria were used to assess responses comparable to the clinic (Fig. 10.2, Table 10.1) 
as well as “best average response” (a calculation taking into account best response, 
time to response, and duration of response) and pseudo-survival calculations (prob-
ability of being progression-free by tumor doubling time) (Fig. 10.1). The 1 × 1 × 1 
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response in mouse clinical trials. The schematic depicts data from a mouse clinical trial showing 
change in tumor volume relative to baseline resulting in the assessment of progressive disease, 
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Table 10.1  Mouse clinical trial assessment of tumor response to treatment with sensitivity 
parameters based on RECIST

Clinical term Clinical Preclinical

Complete response 
(CR)

Disappearance Complete regression

Partial response 
(PR)

>30% decrease in the sum of longest 
diameters

>50% decrease in tumor 
volume

Stable disease (SD) <30% decrease and <20% increase in 
the sum of longest diameters

<50% decrease and <35% 
increase in tumor volume

Progressive disease 
(PD)

>20% increase in sum of longest 
diameters

>35% increase in tumor 
volume

Table depicting the similarities and differences of the terms complete response (CR), partial 
response (PR), stable disease (SD), and progressive disease (PD) used for clinical data and pre-
clinical data in the mouse clinical trial setting, i.e., how RECIST criteria have been modified
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MCT approach has also proven to be successful in a “phase II”-like study using 
B-ALL PDXs, again in well-annotated tumors [24], as well as the pediatric MCT 
where 67 agents were profiled across 84 xenograft models [25]. This mouse clinical 
trial approach has now been adapted by many pharmaceutical companies following 
suit, many of whom use CROs with extensive PDX collections to perform such 
studies.

The PDX mouse clinical trials really allow insight into inter-patient response 
heterogeneity in an efficient manner and help to identify responsive subpopulations 
and thus enable the discovery of predictive biomarkers [26, 27]. In addition, the 
approach can be used to identify clinically relevant mechanisms of resistance and 
potentially enhance predictability for clinical trials having shown the beginnings of 
retrospective translatability [6]. The field still needs to assess whether translatability 
of MCTs to the clinic is influenced by using naive PDXs versus PDXs derived from 
pretreated tumors. Most large panels of PDX models that are available to the com-
munity have been derived from patient tumors that have not undergone any therapy, 
but there are exceptions. It is probable that when agents directly target a driver 
mutation, the initial response would be demonstrated by both naive and pretreated 
tumors. The translatability with targeted therapy seen in an extensive MCT study 
[6] suggests that could be so. However, the translatability for standard of care che-
motherapeutics was less robust. For chemotherapeutics, inability to match exposure 
and dosing regimens, such as infusion in mice, may play a part in the disconnect 
between clinical trial response and the mouse clinical trial approach. Additional 
evidence that naive tumors may be used to assess targeted therapies is demonstrated 
in a B-ALL MCT, where both pretreated and naive tumor PDX models responded 
to targeted therapy (MDM2 inhibitor) in a similar fashion [24]. However, it could be 
reasonably hypothesized that the range and temporal response of resistance mecha-
nisms could differ, depending whether naive or pretreated models are used, and this 
could also be influenced by the kind of pretreatment. Indeed, it is known, for exam-
ple, that some agents such as TMZ can change even the driver mutations, so care 
should be taken if researchers are trying to model TMZ-treated patient populations 
to understand which drugs may be effective for this group of people [28]. How 
important it is to use naive vs. pretreated PDXs when assessing standard epigenetic 
targeting agents has yet to be determined, although it could be potentially more 
problematic.

There is evidence that the liabilities with cell line-based models, previously dis-
cussed above, are borne out in discrepancies with respect to drug response [6]. An 
in vitro combination screen in melanoma failed to identify the combinatorial effect 
of the CDK4/CDK6 inhibitor with other targeted therapies, whereas the MCT sub-
sequently did reveal this effect (as exemplified by the combination of LEE011 and 
encorafenib). The studies additionally show differential combination effects with 
IGF1R inhibitors in vitro and in vivo. IGF1R inhibitors have long been shown to 
have great results in vitro as single agents [29] and in combinations with MEK1/
MEK2 [29–31] or with PI3K/mTOR [32]. Also importantly, these combinations 
with IGF1R inhibitors have been efficacious in select cell-derived xenografts and 
PDXs in vivo. These positive results have led to a number of clinical trials in CRC 
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and NSCLC as well as in several other indications, yet data from these clinical trials 
are fairly disappointing [33–35]. Likewise, in the mouse clinical trial clinic where a 
large portfolio of PDXs is examined for efficacy, performance of IGF1R inhibitors 
across the board was unimpressive [6], concordant with results in the human clinical 
setting. Given the high rate of failure of oncology drugs, where under 10% of com-
pounds which go into clinical trials eventually get approved [20, 21, 36], it is hoped 
that, by assessing the heterogeneity of response across models representing the 
diversity of the population, the number of successful clinical trials can substantially 
improve.

�Avatars

Another methodology to attempt to improve success rates in the clinic is a rapidly 
developing application for PDXs commonly referred to as the avatar approach. This 
is the practice of using PDXs to preclinically guide treatment decisions for patients 
from whom the tumors were derived [37, 38]. As patient surrogates, these avatar 
PDX models hope to represent a power tool for addressing individualized therapy 
for the patient from whom the PDX model was created.

For this paradigm to work, the patient’s PDX must establish in mice within the 
life span of the patient. Given that PDX models often do not grow in mice and, if 
they do, can take months to establish, only certain types of cancer can benefit from 
this approach. Additional issues include that patients and mice often tolerate differ-
ent levels of drug toxicity, which may in part be due to differing dosing schedules 
and that drug exposures may not be fully translatable. There is also the added com-
plexity that patients are often on additional medications and diets, which are not 
factored into PDX treatments [15]. Another potential caveat, particular to avatars, is 
the consequence of cancer being a heterogeneous disease; the biopsy of the tumor 
captured and grown in the mouse may or may not represent the bulk of the tumor 
growing in the patient. However, the proclaimed success of avatars [39, 40] may 
suggest that this may only be an issue at a later stage of disease progression, when 
the disease is more heterogeneous and potentially does not reflect the PDX derived 
from the primary tumor.

The successful avatar approach has been shown for a variety of tumor types. 
Weroha and colleagues used nine high-grade serous ovarian avatar models, treated 
with four rounds of carboplatin/paclitaxel. When compared to patient response, 
nine out of nine PDXs demonstrated in vivo platinum response reflective of the 
patient’s clinical response [39]. In a breast cancer model, Zhang and colleagues 
established PDX models representing a variety of breast cancer subtypes. In this 
report a significant association between the PDX and patient treatment response 
was observed, with 12 of the 13 PDX responses matching the patient’s clinical 
response [40]. Garralda and colleagues used avatar models along with whole-
exome sequencing analysis in order to inform the treatment of patients with 
advanced stage solid tumors, including CRC, glioblastoma, NSCL, melanoma, 
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and PDAC.  Here the response of 11 of the 13 models mimicked the patient 
response [41].

However, it is true that not all PDXs represent the patient’s tumor they were 
derived from. As only a part of the originally patient tumor is used to create the 
avatar PDX, the sample taken may not truly represent the whole disease. In addi-
tion, it is known that the site-specific microenvironmental differences in the subcu-
taneous layer of skin in a mouse cause selection pressure. These determine which 
cells from the original host tumor preferentially are established in the animal. The 
clonal dynamics of breast xeno-engraftment have been examined at single cell reso-
lution [17] and shown that the initial clonal selection, i.e., the first passage in mice, 
seems quite variable which could have a profound implication on some avatar 
trials.

To address the potential concern of intra-tumor heterogeneity further, PDXs are 
being generated from tumor samples obtained from warm autopsy. The aim of this 
approach is to obtain multiple biopsies from different metastatic sites from the one 
patient at the time of treatment failure and then to directly compare similarities and 
differences between samples. This would address the issue of heterogeneity at the 
end of the patient’s journey and enable a direct comparison with PDXs generated 
from chemo-naive patients at the time of diagnostic surgery, prior to any cancer 
treatment, when tumor heterogeneity may be less of an issue. Indeed, analysis of 
melanoma PDXs from vemurafenib therapy-refractory metastases in a patient 
revealed that multiple resistance mechanisms were present within one metastasis 
and between metastases. This heterogeneity, both inter- and intra-tumorally, caused 
an incomplete capture in the PDXs of the resistance mechanisms observed in the 
patient, indicating that PDXs may not harbor the full genetic heterogeneity seen in 
the patient’s melanoma [42]. This obviously could have profound implications on 
the avatar/co-clinical trial approach. Further studies like these may enable a greater 
prediction to which avatars could be beneficial/predictive for patients, i.e., which 
types of tumor and at which stage. Again, the fact that many studies report compa-
rable outcomes from a PDX derived from a single tumor site, when compared with 
the patient response to treatment, suggests that tumor heterogeneity may not be such 
an issue at first diagnosis, at least for some cancers.

�“Humanized” PDX Models

One obvious short coming of PDX tumor models is that they have to be created in 
immunodeficient mice to prevent immune attacks against the xenotransplanted 
tumor. Therefore, a critical component of the known tumor microenvironment inter-
action is missing in the tumor. The consequence is that cancer agents that target the 
immune system components cannot be studied using xenograft models. This is 
important as it has been well documented that the immune system is critically 
involved in cancer initiation and expansion which has led to the relatively recent 
success and ballooned interest in targeting the immune system [43, 44]. Consequently, 
researchers are beginning to explore the use of what is labeled as 
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“humanized-xenograft” models. Humanized-xenograft models are created by co-
engrafting a patient tumor fragment (or cell line) and human peripheral blood 
mononuclear cells (PBMCs) or hematopoietic stem cells (HSCs) into immunodefi-
cient mice [15, 16]. Humanized-xenograft models for acute lymphoblastic leukemia 
and acute myeloid leukemia have been created [45]. However, these strategies have 
yet to be validated for most tumor types, and there remain questions over whether 
the reconstituted immune system will behave in the same way as it does in the 
patient. For example, the immune system could be “hyper-activated” due to expo-
sure to mouse tissues in a similar fashion to graft-versus-host disease [46]. How 
close HLA matching needs to be with the human tumor and human immune cells to 
mitigate potential rejection of the tumor also remains to be understood.

The strain of mice used influences human PBMC and HSC engraftment success; the 
development of three different murine strains with IL-2 receptor mutations has 
increased rates of engraftment: NOD.Cg-PrkdcscidIl2rgtm1Wjl (NSG mice), NODShi.
CgPrkdcscidIl2rgtm1Sug (NOG mice), and C;129S4-Rag2tm1FlvIl2rgtm1Flv (BRG 
mice) [47, 48]. Of these models, NSG mice lack the IL-2 receptor, while NOG and 
BRG mice express a truncated IL-2 receptor. However the result is all these models 
lack important resulting in all these models lacking cytokine responses and express 
defective NK cells [48].

When creating “humanized” mice with HSC engraftment, the myeloid subsec-
tion of blood cells is severely underrepresented. To increase this population, various 
GEMM mice expressing certain human cytokines have been created to more faith-
fully mimic the usual human situation, thereby creating a more “realistic” model. 
Human versions of genes encoding human MCSF (csf1), human interleukin 3 (IL-
3) and GM-CSF, and human thrombopoietin have been generated as a transgenic 
model in respective mouse loci in Rag2−/− Il2rg−/− mice (MITRG mice). The 
resulting human cytokines support the development and function of monocytes, 
macrophages, and NK cells derived from human fetal liver or adult CD34(+) pro-
genitor cells co-injected into the mice [49]. Mice such as these are important as they 
may model the interplay the various immune components have on each other which 
could be crucial when trying to understand the translatability of a drug on complex 
systems. Regardless, “humanized mice” can be useful if the question being asked is 
specific to the model. Although the myeloid fraction is usually underrepresented, 
the T cell population is well modeled and can be used in drug discovery to identify 
drug candidates for various immunotherapies, including the clinically successful 
checkpoint inhibitors, and bispecific molecules carrying the CD3 arm.

The “humanized” PDX/avatar approach can circumvent allogeneic effects seen with 
non-compatible PDXs and engrafted PBMCs or HSCs. Here the PBMCs are taken from 
the same patient the PDX is derived from, ensuring HLA compatibility. Therefore, these 
co-engrafted systems can aid the recapitulation of many aspects of the tumor microen-
vironment [48]. Another aspect missing from the PDXs are the cancer-associated fibro-
blasts (CAFs), which are also a key determinant in the malignant progression of cancer 
and represent an important target for cancer therapies [10, 50]. Co-injecting CAFs from 
the same patient can also increase the faithfulness of the tumor model; mouse fibro-
blasts, however, ultimately take over the tumor. There is a real need to develop models 
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that allow us to characterize the interactions between immune cells, CAFs, and cancer 
cells in the tumor microenvironment, to aid our ability to identify potential new drugs 
and determine how some agents will translate in the clinic.

�Summary

PDXs can be used to aid drug discovery in two aspects, the first to help identify 
compounds with drug-like properties and the second to identify patient populations 
who will respond to the drug. For some drug discovery programs, PDX models are 
critical to understand efficacious response, as cell lines either do not possess the 
required lesion or have lost dependency on certain pathways. PDXs are most useful 
in aiding the translatability to the clinic, as the range and breadth of available PDXs 
are diverse, enabling these models to capture much of the inter-patient heterogene-
ity seen across patients. This is critical, as less than 10% of drugs which we put into 
oncology clinical trials gets approved, potentially because of our lack of under-
standing of the diversity of the disease. Large mouse clinical trials are now com-
monly used to identify which cancers and subsets of these cancers may respond to 
the drug and identify potential biomarkers to select potential responders.

PDX models are now also being used in what is commonly referred to as the 
avatar approach. Here, a PDX model is created from a patient’s tumor, and, if estab-
lished in mice in the survival time frame of the patient, the model is treated with 
various agents to determine which therapies to use to treat person from whom the 
PDX was created. This approach has had success in some cases, but caution should 
be taken with heterogeneous cancers, since the PDX may well not represent the bulk 
of the tumor from which it originated and therefore not be reflective of that patient’s 
disease.

All models have their limitations, and for PDXs, as all xenografts, the lack of an 
immune system is most problematic. In this era of heightened awareness of the 
immune system’s role in cancer and the relatively recent success of immunomodula-
tory agents, it is critical that we can create PDX models with humanized immune 
systems. Efforts to do this are progressing, with the hope that in future years large-
scale mouse clinical trials can be performed with humanized mice to enable the 
assessment of many immunomodulatory agents (as single agents and in combina-
tions with drugs with other mechanisms of action) across a diverse range of models.
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�Introduction

Despite new insights into the cancer biology and continuous identification of targe-
table genetic alterations, more than 85% of novel, potential therapeutic agents fail 
the late phases of clinical trials due to lack of efficacy [1–3]. This high failure rate 
has been largely attributed to a lack of clinically relevant cancer models for 
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preclinical drug screening and the inability to individualize cancer treatment toward 
target-specific therapies [4–6]. The conventional cell culture systems often lack the 
tumor heterogeneity and microenvironment components of cancer tissues, resulting 
in substantial differences with the original patients’ tumors and poor clinical predic-
tive power of drug efficacies [7]. There is, therefore, a critical need for more sophis-
ticated and reliable preclinical models that better represent the complexity of 
cancers and more closely mimic the tumor microenvironment.

In recent years, patient-derived xenograft (PDX) tumor models, based on graft-
ing of fresh tumor fragments from patients into immunodeficient mice, have become 
preferred platforms in translational cancer research and drug development [5, 6]. An 
increasing amount of evidence suggests that the PDXs recapitulate tumor pathogen-
esis and progression with high fidelity and predict tumor behavior with increased 
accuracy, including disease progression and drug sensitivity in the clinic [8, 9]. It is 
expected that integration in PDXs of genomic profiling with preclinical drug screen-
ing will lead to guided treatment for individual patients, which will greatly shorten 
the process from preclinical drug discovery to clinical application and improve 
patient outcomes in cancer medicine.

First-generation xenografts, also called primary xenografts, are PDXs in the initial 
human-to-mouse generation harboring the tumor tissues directly derived from patients. 
Although they have not been widely used in translational cancer research or thoroughly 
characterized, first-generation xenografts are advantageous in several aspects com-
pared to established PDXs of subsequent generations, such as retention of intra-tumoral 
heterogeneity, tumor microenvironment, and drug sensitivity of the original patients’ 
cancer tissues [10–12]. In this review, we discuss the current comprehension of first-
generation xenografts and then focus on the potential application of first-generation 
xenograft models in contemporary preclinical research and oncology fields.

�Methodology

Methods for generating first-generation xenografts are similar to those used in devel-
oping transplantable PDX models [12–15]. Regardless of specific differences 
between various approaches, one fundamental concept is to transplant fresh tumor 
fragments from the patient into immunodeficient mice. To this end, fresh tumor tis-
sues obtained by surgery or biopsy are sectioned into 2–3 mm3 pieces which are 
directly implanted into host mice. A variety of mouse strains harboring different 
immunosuppression levels have been used as recipient mice. The most common graft 
site is the subcutaneous (s.c.) flank of a mouse. Orthotopic grafting involves direct 
implantation of patients’ fresh tumor tissue into the homologous mouse organ, e.g., 
ovary, prostate, pancreas, or mammary fat pad. Tumor tissues can also be implanted 
under the renal capsules of a host mouse. The first-generation xenograft is usually 
termed G0 or F0, with subsequent generations numbered consecutively.

One of the biggest challenges in producing high-quality first-generation xenografts 
for immediate usage is to achieve a high tumor engraftment rate. Obtaining a high 
engraftment rate is affected by multiple factors, including the mouse strain used, types 
and quality of the patients’ original tumor tissues, and the transplantation site employed. 

X. Dong et al.



157

Severely immunosuppressed mouse strains, such as NOD/SCID or NOD/SCID/IL2RG 
null mice, are commonly preferred rodent strains for generating high engraftment rates, 
although very few studies have been properly designed to compare the engraftment 
rates of the various types of recipient mice. Clinically aggressive, metastatic tumors 
generally have higher engraftment rates than less aggressive, nonmetastatic primary 
tumors [4, 16, 17], which may indicate utility of first-generation xenografts for predict-
ing or monitoring tumor aggressiveness in donor patients. Although subcutaneous 
grafting allows straightforward surgery and is convenient for accurately monitoring of 
xenograft growth, it is generally associated with low engraftment rates, ranging from 
25% to 60% [18–21]. Some hormone-sensitive tumors, such as prostate cancer and 
hormone-dependent breast cancers, are particularly difficult to engraft at s.c. graft sites. 
Alternatively, the subrenal capsule graft site is employed and has consistently yielded 
high engraftment rates for various cancer types [14, 22–24]. The high engraftment rate 
obtained with the use of the subrenal capsule graft site is likely a result of superior 
nutrient supply and enhancement of graft microvascularity provided by the host kidney 
[25]. This is of great importance to difficult-to-graft cancer types such as prostate can-
cer [24]. For example, by subrenal capsule grafting, a panel of prostate cancer PDX 
models has been successfully established from tiny amounts of needle biopsy tissues 
obtained at diagnosis [26]. A high engraftment rate can be further ensured if viable 
tumor tissue can be identified prior to implantation, either by macro methods (e.g., 
macro pathology, fluorescence illumination) or microscopic methods (e.g., cryostat 
sectioning of randomly selected pre-grafting fragments) [10].

�Major Characteristics of PDX Tumor Models

It has become increasingly clear that widely used conventional human cancer cell 
cultures, as well as in vivo xenografts generated by implanting the cultured cells 
into immunodeficient mice, lack predictive power for clinical outcomes and are the 
major reason for the discrepancy between results of preclinical studies and clinical 
trials. The cell cultures, established in an artificially normoxic and growth factor-
rich environment, undergo irreversible alterations such as loss of specific cell popu-
lations, loss of stromal components, gain and loss of genetic information, and 
alterations in growth and tissue invasive properties [27–29]. Consequently, the cell 
cultures cannot reflect the complexity of patient tumors such as tissue architecture, 
cancer-stromal interaction, and inter- or intra-tumor heterogeneity and hence are not 
suitable for preclinical drug screening or personalized medicine.

To overcome the above limitations of conventional cancer cell cultures, major 
efforts have been made to establish PDX tumor models in which key genetic and 
biologic characteristics of the patients’ original tumors are reliably retained [5, 9, 
30]. Many studies, comparing PDX models developed from various tumor types 
with their corresponding patients’ (donors’) original tumors, have indicated that the 
PDX models can serve as superior platforms for applications in oncology research 
and drug development. At the histopathological level, it has been shown that PDX 
models closely resemble their original patients’ tumors, retaining major histopatho-
logical characteristics such as microscopic tissue architecture, glandular structure, 
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cyst development, and mucin production. Expressions of tumor markers in the orig-
inal patients’ tumors were not only retained in PDX models but have shown altera-
tions similar to those observed in patients’ original tumors in response to treatments 
such as hormonal therapy [26]. At the genetic level, comprehensive genome-wide 
gene expression analysis studies of various cancers have shown high degrees of 
similarities between PDX models and the original patients’ tumors [14, 16, 26, 27, 
31, 32]. For example, in non-small cell lung cancer (NSCLC) PDX models, unsu-
pervised hierarchical clustering of genome-wide gene expression profiles revealed 
that PDX models clustered directly with the paired patients’ original tumors [32]. 
Similarly, in prostate cancer (PCa) PDX models, unsupervised hierarchical cluster-
ing of copy-number segmentation profiles confirmed that all patient and xenograft 
pairs clustered together. As well, combined genome copy-number analysis of each 
independent transplantable tumor line demonstrated that they largely recapitulated 
both the heterogeneity of prostate cancer and key chromosomal alterations fre-
quently observed such as loss of TP53, NKX3-1 and RB1 tumor suppressors, as 
well as gains of 8q and oncogenes, such as ETV1, EZH2, and BRAF [26]. At the 
biological level, the PDX models closely mimic the biological behavior of patients’ 
original tumors, including disease progression, tumor heterogeneity, and responses 
to treatment. Correlations between the success of engraftment and poor patient out-
comes have been reported in studies of cancers of the breast, kidney, pancreas, 
ovary, and skin [16, 17, 33–35]. The PDX models also recapitulate tumor heteroge-
neity to a certain extent. For example, in a study published in 2014, Lin et  al. 
reported five transplantable tumor lines derived from needle biopsy specimens from 
five different foci of a patient’s primary prostate cancer showing different metastatic 
abilities and growth rates in vivo. Further copy-number profiling analysis showed 
not only major chromosomal alterations shared among the five lines, suggesting all 
lines shared a common ancestor, but also several unique chromosomal alterations 
that were only observed in particular tumor lines, indicating the existence of func-
tionally heterogeneous subpopulations in the patient’s primary tumors [26]. Another 
important biological advantage of PDX models is that they have shown reasonable 
concordance with patients’ tumors in responses to treatments with drugs [17, 36, 
37]. As such, PDX cancer models are thought to quite accurately represent the com-
plex biochemical and physical interactions between cancer cells and their microen-
vironment and hence can serve as preclinical tools with enhanced predictive value 
for patients’ cancer biology and responses to treatments [9, 38].

�Advantages of Using First-Generation Xenograft Models

Although the method of transplanting patient-derived tumor cells or tissues into 
immunocompromised mice has been used for more than 40 years to test chemo-
therapeutic and other anticancer agents in vivo, application of first-generation xeno-
grafts as a reliable tool for cancer research and preclinical drug development has 
been greatly hampered, presumably due to the generally low engraftment rate at the 
s.c. graft site and insufficient numbers of first-generation xenografts generated.  
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In recent years, with the improvement of grafting techniques and development of 
severely immunosuppressed mouse strains such as NOD/SCID or NOD/SCID/
IL2RG null mice, enhanced engraftment efficiency has become possible, even for 
tumors that are particularly difficult to engraft. In our laboratory, more than 1500 
first-generation xenografts have been derived from surgically removed NSCLC tis-
sues of 32 patients by subrenal capsule grafting in NOD/SCID, with a total engraft-
ment rate of 90% [11]. Such improvement in engraftment efficiency makes broad 
usage of first-generation xenografts possible for translational cancer research, pre-
clinical drug testing, as well as individualized drug screening. First-generation 
xenografts have a number of advantages, in comparison with later generations of 
PDX models, which are described in detail in the following paragraphs.

The time required to establish a first-generation xenograft is much shorter than 
for establishing a transplantable tumor line. This is of crucial importance when one 
tries to implement real-time PDXs for personalized cancer drug screening, so-called 
tumor avatars. Ideally, a tumor avatar should closely mimic the biology of the origi-
nal tumor in the patient such as retention of major genotypes and phenotypes and 
biological behavior such as tumor progression and drug responses. More impor-
tantly, a tumor avatar needs to be established within a short time frame to conform 
to timely initiation of patients’ therapy. It normally takes 2–4 months to develop a 
transplantable PDX model that is suitable for preclinical studies, a time frame many 
patients with aggressive disease do not have. In trying to overcome this limitation, 
we have found, using severe immunocompromised mouse strains in combination 
with subrenal capsule grafting, that first-generation NSCLC xenografts can be 
established within 2 weeks after implantation, ready for use in personalized drug 
testing [11]. This relatively short time frame makes first-generation xenografts, as 
distinct from transplantable tumor lines [39–41], suitable for personalized drug test-
ing during the time between patients’ diagnosis or surgery and initiation of 
treatment.

First-generation xenografts retain human stromal components and extracellular 
matrix (ECM) interaction better than transplantable, later-generation PDX models. 
In patients, the cancer cells are in a microenvironment consisting of surrounding 
lymphatic and blood capillaries, fibroblasts, the extracellular matrix, immune cells, 
and other normal cells. Bidirectional communications between cancer cells and their 
immediate environment play a significant role in oncogenesis, tumor progression, 
and patient prognosis. Alterations in the cellular microenvironment may lead to cell 
proliferation and facilitate tumor initiation and direct metastasis [42–44]. Cancer-
associated fibroblasts have been found to produce tumor-supportive ECM and secrete 
growth factors and chemokines; they often confer resistance to cytotoxic and tar-
geted therapies [45]. A shift in tissue 3D architecture can lead to altered paracrine 
signaling and significantly contribute to disease progression [44, 46, 47]. The aber-
rant vascularity found in solid tumors, a complex status regulated by pro- and anti-
angiogenesis factors produced by both tumor cells and the stromal compartment [48, 
49], may lead to hypoxia, extracellular acidosis, nutrient deprivation, and energy 
depletion and often plays a role in treatment resistance, suppression of apoptosis and 
immune surveillance, and metastasis. It is therefore important that experimental 
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translational models retain human extracellular matrix and derived vasculature in 
order to accurately recapitulate the tumor microenvironment. Although no substan-
tial changes were found in transplantable PDX models, in comparison to their donor 
tumors, expression of genes involved in the stromal compartment, immune function 
and angiogenesis were found to be less represented in transplantable PDX models, 
due to replacement of the human stroma by murine elements [50]. It has been shown 
that, after three to five serial passages, the human stroma in PDXs is completely 
replaced by murine stroma [5]. This loss of human stroma in later generations of 
transplantable PDX models greatly limits their use for accurately predicting treat-
ment responses in individualized drug screening or for studying species-specific 
therapeutic reagents targeting the human tumor microenvironment. Alternatively, 
first-generation patient-derived xenografts retain the human tumor microenviron-
ment to the greatest extent. In our laboratory, a panel of first-generation patient-
derived xenografts of NSCLCs, ovary cancers and prostate cancers has been screened 
for expression of human-specific markers for stromal compartment cells. The results 
revealed retention by the first-generation xenografts of tumor-associated human 
stroma components, including human fibroblast and vascular epithelial cells 
(Fig. 11.1), in contrast to loss of human stroma in serially transplanted later genera-
tions of PDX models [15, 26]. Thus, the first-generation xenograft models represent 
improved models in recapitulating cancer-stroma interactions.

First-generation xenograft models may also provide valuable tools for studying 
limited aspects of cancer immunology. The ability of cancer cells to evade the 
immune system is considered an emerging hallmark of cancer [51]. As a main bat-
tleground where the immune system succeeds or fails to eliminate tumor cells, the 
tumor microenvironment harbors two major components, immune-stimulatory 

a
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Fig. 11.1  H&E and immunohistochemistry staining of first-generation xenografts of a lung squa-
mous cell carcinoma (a–c) and an ovarian serous carcinoma (d–f) shows that they retain human 
fibroblasts (b, e, stained by a human-specific anti-vimentin antibody) and human endothelial cells 
(c, f, stained by a human-specific anti-CD31 antibody) of the patients’ original cancer tissues
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elements (e.g., cytotoxic CD8+ T cells, natural killer (NK) cells, IL-2) and immu-
nosuppressive elements (e.g., regulatory T cells (Treg), type 2 macrophages). Cross 
talks between cancer cells and tumor-infiltrating immune cells via specific chemo-
kines, adhesion molecules, and exosomes lead either to elimination of cancer cells 
or induction of an immunosuppressive network that protects the malignant cells 
from attacks by anticancer immune cells and promotes their survival and migration. 
There is increasing clinical evidence that tumor-infiltrating immune cells are sig-
nificantly associated with patient prognosis. Decreased ratios of CD8+ T cells to 
Foxp3+ Treg cells have been shown to correlate with poor patient prognosis for many 
cancer types, including ovarian [52, 53], breast [54], and gastric cancer [55]. High 
regulatory T-cell densities in tumor tissues have been significantly correlated with 
poor patient outcomes for the majority of solid tumors such as kidney and breast 
cancers and melanomas [56]. In the past decade, immunotherapy has become an 
important part of cancer treatments, and clinically relevant, preclinical screening 
models for immunotherapy, especially in the personalized medicine setting, are 
urgently needed. Despite the close resemblance of transplantable PDXs to their 
human donor tumors, critical shortcomings of these models are the required usage 
of hosts that lack functional immune cells and also the loss of patient immune cells 
in later PDX generations [8]. Transplantable PDX models are thus not adequate 
models for testing immunotherapies and anticancer agents that target the immune 
system. With regard to the hosts used, one solution is to reconstitute the human 
immune system into recipient mice to produce partially humanized mouse models 
[57, 58]. The cost of such mice is excessively high and thus prevents their wide-
scale use in preclinical drug screening. Moreover, these humanized mice are not 
matched to individual patients’ tumors and may generate an immune attack that 
may not be relevant to the immunotherapy tested [29]. On the other hand, it has been 
reported that first-generation xenografts established in NOD/SCID/IL2RG mice 
were able to maintain human tumor-associated leukocytes such as effector memory 
T cells for up to 9 weeks after implantation [58]. In our laboratory, CD45+ leuko-
cytes, including cytotoxic CD8+ T cells as well as FOXP3+ regulatory T cells, were 
also observed in first-generation xenografts of a prostate cancer (Fig. 11.2), suggest-
ing that it may be possible to use first-generation xenografts to test the effect of 
immunomodulatory agents on the levels of patient immune cells. However, the evi-
dence in this field is very limited and further studies are required.

One important reason for using first-generation xenografts in cancer research and 
drug testing is that they have clear advantages over cell lines and transplantable PDX 
models as they better capture the intra-tumor heterogeneity of the patient’s original 
tumor. It is well known that intra-tumor heterogeneity exists in almost all types of 
cancers. Cancers consist of highly diverse cell populations that can be recognized or 
detected at the phenotypic, genetic, and epigenetic levels. Mechanisms contributing 
to the intra-tumor heterogeneity include autonomous mutations of the cancer cells, 
persistence of cancer stem cells, and the dynamic interaction between tumor cells 
and their microenvironments and between subclones of tumor cells. Pre-existing 
intra-tumor heterogeneity is considered a major cause of treatment resistance or fail-
ure to chemo- and targeted therapy. Indeed, in patients with colorectal cancer, 
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Fig. 11.2  An example of using first-generation xenografts to test an immunotherapeutic agent. 
Metastatic prostate cancer tissues from a patient’s lymph nodes were obtained and implanted into 
immunodeficient mice to develop first-generation xenografts. Left panel, xenografts in untreated 
control group contain infiltrating human immune cells, labeled by immunohistochemistry staining 
of human-specific anti-CD45 (hCD45) for the whole population of leukocytes and human-specific 
anti-CD8 (hCD8) for cytotoxic T-cell subpopulations. A human-specific anti-Ki-67 (hKi-67) was 
used to evaluate the proliferative status of the immune cells. Right panel showing significantly 
increased CD8+ cytotoxic T-cell infiltration in xenografts treated with a drug candidate that can 
indirectly promote the proliferation of cell-killing immune cells. The increased numbers of cyto-
toxic T cells are highly proliferative, as indicated by the anti-hKi67 antibody
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pre-existing KRAS-mutant clones may expand exponentially following administra-
tion of the anti-EGFR antibody cetuximab. Similar dynamic changes have been 
observed in a variety of other cancer types, including lung cancer [59, 60] and leuke-
mia [61, 62]. This highlights the necessity to generate a comprehensive genomic and 
molecular profile of individual patients and, more importantly, to functionally vali-
date the genomic and molecular aberrations that truly reflect the intra-tumor hetero-
geneity and treatment responses of the cancer cell subpopulations to various 
chemo- and targeted therapeutics. Many approaches have been proposed or studied 
in order to achieve such validations, including the use of relevant cell lines, geneti-
cally engineered mouse models, organoid cultures, and PDX models [63, 64]. The 
transplantable PDXs are considered to be the best models for maintaining intra-
tumor heterogeneity as well as other molecular traits such as mutations, chromo-
somal aberrations, fusion events, and gene expression profiles [65–68]. However, 
long-term in vitro and in vivo manipulations may lead to clonal evolution and loss of 
intra-tumoral heterogeneity. It has been suggested that serial tumor engraftment may 
result in vast differences between the patient’s original tumor and the derived trans-
plantable PDX models in terms of molecular landscape [68, 69]. Notably, the first 
passage (from the first to the second generation) is when most of the changes occur, 
and the genes affected are mostly associated with immune pathways and cancer-
stromal interaction [68, 70, 71]. First-generation xenografts, which are derived by 
directly transplanting a patient’s tumor tissue into the host, are the closest generation 
to the patient’s original tumor and are thought to have minimal alterations at genetic, 
epigenetic, or stromal levels [10]. Thus, first-generation xenografts may serve as 
improved cancer models reflecting the complex intra-tumor heterogeneity of the 
patient’s original tumor to the greatest extent and, as such, provide better tools for 
evaluating patient-specific responses to therapy in personalized medicine.

�Application of the First-Generation Xenografts

�Prediction of Tumor Progression

The ability to accurately predict progression of tumors is of major importance to the 
clinical management of the disease. The plasticity of tumors highlights the critical 
need for dynamic platforms capturing variations among patients’ tumors or cell sub-
populations within a tumor. In recent years, a number of methods or systems have 
been developed to meet such a demand, including monitoring of predictive molecu-
lar biomarkers, circulating tumor cells, cell-free tumor DNA, and analysis of large 
omics, as well as functional assays using PDX models or other ex vivo assays [72]. 
It has been reported that the tumor engraftment rate during the process of establish-
ing first-generation xenografts from a patient’s tumor tissue might reflect the aggres-
siveness of the original tumor. The rate of engraftment has been associated with the 
risk of metastasis, disease recurrence, or patient survival in various types of cancer. 
For patients with pancreatic ductal adenocarcinoma, successful engraftment of the 
patients’ tumor tissues transplanted into immunodeficient mice was significantly 
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predictive of reduced patient survival in a multivariate analysis, with a median sur-
vival time of 299 days for patients whose tumors were successfully engrafted, in 
contrast to the median survival time of more than 800 days for patients whose can-
cers failed engraftment [34]. In PDX models of NSCLC, the engraftment success 
was significantly associated with a shorter disease-free survival in patients [18, 73]. 
A correlation of engraftment success and poor patient outcome has also been reported 
for patients with other types of malignancies, including kidney [17], breast [18], 
ovary [47], and skin [53] cancers. The results of these studies suggest that the rate of 
engraftment of a patient’s tumor into immunodeficient mice could be useful as a 
prognostic indicator of tumor aggressiveness and risk of disease progression.

�First-Generation Xenografts for Precision Medicine

It has become evident that cancer is a heterogeneous disease, as revealed by differences 
in histology, drastically different genomic and molecular profiles, and greatly varied 
biological behavior among cancers of the same type. These inter-tumoral differences 
have led to the development of widely used histology-based definition systems and, 
more recently, to refined classification systems with integration of molecular data for 
improved prediction of cancer prognosis and responses to specific treatments. In addi-
tion to inter-tumoral heterogeneity, there is intra-tumor heterogeneity within the same 
tumor, a result of the continuous evolution of cancer cells through sequential alterations 
of the genome during carcinogenesis and disease progression. Understanding the inter- 
and intra-tumoral heterogeneities has led to significant progress in the identification of 
hundreds of cancer-driving abnormalities and new therapeutic targets. In the past few 
decades, the field of oncology has seen a rapid shift from the cytotoxic, nonspecific 
approach to cancer therapy to molecularly tailored, rationally designed precision medi-
cine [74]. Some cancer types, such as colorectal cancer, NSCLC, and human breast 
cancers, have been routinely profiled to aid in the treatment decision-making process 
[75]. Tumor heterogeneity has also caused great challenges for cancer treatment and is 
considered one of the major reasons for the development of resistance to conventional 
cytotoxic chemotherapeutics or targeted therapy in the clinic. So far little is known 
about what type and what level of heterogeneity is responsible for the failure of a treat-
ment. Real-time genetic and molecular profiling of the patient may identify multiple 
targets that could serve as potential candidates for targeted therapy, adding another 
layer of complexity to therapy decision-making. Furthermore, for patients whose 
tumors do not express any therapeutic targets or biomarkers of drug efficacy, or patients 
that will receive conventional cytotoxic chemotherapy, it will be particularly difficult to 
have their treatment personalized. To this end, predictive information acquired by func-
tional validation of cytotoxic chemotherapeutic regimens, or a specific targeted therapy 
for a patient’s tumor, will be of great value to therapy decision-making in the clinic and 
to avoid potential drug toxicities and unnecessary financial burden.

Transplantable PDX tumor models, or so-called avatars, have been used to per-
sonalize cancer treatment. In a pilot clinical study published in 2011, advanced can-
cer patients received guided treatments that were prospectively selected, based on 
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drug responses of PDX models developed from their own cancers. The study demon-
strated a remarkable correlation between drug efficacy in the model and clinical out-
come [76]. In another study of patients with lung cancer, it was shown that the use of 
PDX testing led to the identification of appropriate drug combinations that could not 
have been identified by genetic testing alone [77]. The positive correlation between 
treatment responses of PDX models and patients has also been seen in patients with 
breast cancer [78, 79]. However, a few limitations of this PDX-based approach may 
challenge a broad clinical application of personalized drug evaluation. It usually 
takes 6–8 months from the implantation of a patient’s tumor tissue into immunodefi-
cient mice to the first passage of a PDX. This period may be suitable for patients who 
have relatively slow-growing tumors but will not be appropriate for patients with 
aggressive tumors who may die before they could benefit from the PDX testing 
results. Another major challenge to precision medicine is the high failure rate of 
engraftment of implanted tumor tissues, especially at the commonly used s.c. graft 
site and for slow-growing cancer types such as prostate cancer. Consequently, large 
amounts of fresh tumor tissues and resources are required to generate enough xeno-
grafts for randomly grouped drug testing studies. In order to acquire enough tumor 
xenografts for drug assessment, PDXs often are further passaged. However, changes 
in the peri-tumoral microenvironment and host immune system induced by the lon-
ger time of the PDX in vivo may alter the subpopulations and molecular landscapes 
of the tumor cells within a single tumor specimen, resulting in intra-tumoral hetero-
geneity that is different from that of the patient’s original tumor [80–83].

As a relatively low engraftment rate of tumors in immunodeficient mice is a 
main limiting factor in the application of first-generation PDXs as avatars in 
precision medicine, it is advantageous to use a high engraftment rate-produc-
ing grafting technique such as subrenal capsule grafting. A study by Dong et al. 
describes the utilization of first-generation NSCLC xenografts, established by 
subrenal capsule grafting, for testing the efficacies of three of the most com-
monly used first-line chemotherapy regimens for NSCLC [10]. In this study, 
1573 first-generation xenografts from 32 surgically removed NSCLCs were 
established with a high engraftment rate of 90%. The consistently achieved 
high engraftment rates by subrenal capsule implantations [14, 23, 24, 27, 84–
86], in contrast to the much lower and unpredictable rates at other graft sites 
[31, 40, 41, 87], were assumed to be a result of superior nutrient supply, 
enhancement of graft microvascularity provided by the subrenal capsule site, 
and rigorous selection of viable tumor tissue by fluorescence illumination and 
pathological evaluation before grafting. The response rate of the xenografts to 
chemotherapeutic regimens and chemo-induced histological changes were 
similar to those observed in the clinic. The study revealed the NSCLCs were 
not equally sensitive to all the regimens and that there were nonresponsive 
subpopulations even though the tumor was sensitive to chemotherapy, suggest-
ing that the first-generation xenografts reflected both inter- and intra-tumoral 
heterogeneities of the tumors. Although the response rate to individual chemo-
therapy regimens was ranging from 28% to 44%, approximately two thirds of 
the NSCLCs were sensitive to at least one or more first-line chemotherapies, 
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indicating a potential benefit to improve the drug response rate by selecting 
optimal regimens for personalized chemotherapy. The use of the subrenal cap-
sule grafting technique significantly shortened the engraftment time, one of the 
most important variables in avatar drug testing for cancer treatment. The entire 
process from implantation of a patient’s tumor into mice to completion of drug 
testing in the xenografts for chemotherapeutic drugs took only 6–8 weeks, con-
forming to the clinical schedules of the patients. The study suggests use of a 
longer adaptation time before treatment (2–4 weeks) for xenografts to stabilize 
in the hosts and develop microvasculature, in contrast to 6–11 days used by 
other groups [84, 88]. Notably, the application of first-generation xenografts in 
personalized cancer therapy can be hampered by difficulties in monitoring 
tumor growth partially due to the small volume of the first-generation xeno-
grafts. Imaging techniques such as ultrahigh-frequency ultrasound could be 
introduced to accurately measure the volumes of first-generation xenografts. 
Taken together, the high engraftment rate and short establishment time obtained 
for first-generation xenografts with subrenal capsule grafting makes them more 
suitable than transplantable PDX lines for real-time personalized drug testing. 
Using patients’ own tumor avatars, potentially actionable targeted therapies 
can be quickly screened before they are administrated to patients (Fig. 11.3).

Fig. 11.3  Utilization of first-generation xenografts in real-time personalized medicine. A patient’s 
tumor tissues are obtained and processed for molecular profiling analysis and implantation into 
immunodeficient mice to generate first-generation tumor xenografts. The tumor xenografts are 
allowed to stabilize in the hosts for 2–4 weeks. Potentially actionable drugs, as suggested by paral-
lel genetic and molecular analyses, are then tested and ranked in the xenografts before they are 
administrated to the patient. FFPE formalin-fixed-paraffin-embedded, NGS next-generation 
sequencing, aCGH microarray-based comparative genomic hybridization, SRC subrenal capsule
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�For Preclinical Drug Screening and Development of  
Predictive Biomarkers

One of the major issues in oncology drug development is the high failure rate of new 
investigational cancer drugs in late-phase clinical trials, which has frequently been 
attributed to lack of preclinical screening models that can recapitulate the heterogene-
ity of patients’ tumors [6, 9, 89, 90]. The traditional preclinical models are mainly 
based on human cancer cell lines cultured in vitro or xenografts derived from such cell 
lines. Although the use of the cell lines has yielded valuable insights into cancer biol-
ogy and drug discovery, the artificial growth conditions, selection stress from in vitro 
cultivation, and serial passages promote outgrowth of rapidly growing subpopulations 
and cause major and irreversible changes in biologic and genetic properties of the 
cells. The established cell lines are hence no longer representative of the heterogeneity 
of patients’ tumors and cannot reflect the complex cancer-stromal interactions and 
angiogenesis of the tumors. As a result, the use of such homogeneous cell lines can 
lead to overestimation of the effectiveness of a drug candidate and to discrepancies 
between drug efficacy results in preclinical studies and clinical trials.

Increasing amounts of evidence have suggested that PDX models are much more 
patient-relevant models compared to the conventional cancer cell lines. A direct com-
parison of the PDXs and cell lines was made by comparing PDX models and cell lines 
that were derived from the same specimen of a patient’s primary small cell lung can-
cer [27]. The data show that the gene expression profile of a PDX model was similar 
to that of the original patient’s tumor, while an in vitro cultured cell line derived from 
the same tumor specimen displayed a different expression profile that could not be 
restored when the derivative cell line was returned to growth in vivo as a xenograft. 
The results indicate that in vitro cell cultures do not provide correct models of a dis-
ease. The resemblance of PDXs to their donor tumors was investigated at the histo-
pathological, epigenetic, genomic, and biological levels in a large body of studies 
across various types of cancer [26, 31, 32, 65, 67, 68, 91, 92]. These studies demon-
strate that the PDXs offer high genetic stability as well as histopathological and 
molecular fidelity and tend to maintain the complex tumor heterogeneity and the 
cancer-stromal interactions of the patients’ tumors. The PDX cancer models have 
been reported to be predictive of tumor responses to therapeutic agents and patient 
outcomes [4, 32, 38, 39, 93–95]. All the evidence suggests that PDXs may serve as a 
valuable platform for preclinical drug testing for many types of cancer and for the 
discovery of novel predictive biomarkers for drug sensitivity or patient prognosis.

Although PDX models are now becoming a preferential tool for studying the 
efficacy of anticancer agents and biomarker development, there are a few challenges 
in their utilization. It has been suggested that the process of establishing a trans-
plantable PDX results in the selection of more aggressive and increasingly meta-
static cancers [16, 17, 33–35, 96]. A genome-wide analysis of variant allele 
frequencies in serial passages of human breast cancer PDXs showed that clonal 
selection occurs as early as the time when the transplantable line is established [80], 
indicating that established PDXs likely have some reduced intra-tumoral heteroge-
neity compared to the original patient’s tumor. Another critical drawback of the 
established PDX models is the gradual replacement of human stromal cells, 
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including tumor-infiltrating immune cells, by murine stromal cells. Gene expression 
analysis has shown that genetic changes in PDXs compared to their original patients’ 
tumors are mainly associated with microenvironment and immune responses [33]. 
Since the cancer-stromal interactions play a critical role in numerous aspects of 
cancer biology, the mismatch between human tumor cells and murine stromal cells 
may affect the sensitivity of PDXs to therapeutic agents and cause a discrepancy 
between the preclinical testing results and clinical findings. The depletion of human 
stromal and immune cells in established PDXs also limits the application of PDX 
models in studying immunotherapeutic drugs or anticancer drugs targeting patient-
matched stroma.

These limitations of established PDXs outlined above may be overcome, at least 
in part, by utilizing first-generation xenografts as improved models for tumor het-
erogeneity and cancer-stromal interaction. Unlike established PDX lines that have 
been kept in immunodeficient hosts for a relatively longer period and possibly have 
undergone genetic, stromal, and immune drifts from the original patients’ tumors, 
first-generation xenografts are implanted for only 2–4 weeks before the initiation of 
drug testing [31]. First-generation xenografts are thus thought to mimic more 
closely the intra-tumoral heterogeneity and better preserve the polyclonal subpopu-
lations of the original patient’s tumor than established PDXs. As previously men-
tioned, our collective observations revealed that the human stromal components, 
including tumor-associated fibroblasts, human vascular cells, and human immune 
cells, are faithfully retained in first-generation xenografts up to 8–10 weeks after the 
initial implantation (Figs. 11.1 and 11.2). In one of our preclinical studies (unpub-
lished), the feasibility of using first-generation xenografts for testing immunothera-
peutic agents has been investigated. Biopsy-derived metastatic prostate cancer 
tissues from a patient’s lymph nodes were implanted into immunodeficient mice to 
develop first-generation xenografts. The xenografts were then treated with a drug 
candidate that can indirectly promote the proliferation of cell-killing immune cells 
and thus enhance the anticancer immunity of the tumor microenvironment. The 
status of immune cells in the treated xenografts was compared to that in untreated 
control xenografts. The results showed significantly increased CD8+ cytotoxic 
T-cell infiltration and tumor death in xenografts treated with the drug compared to 
the untreated xenografts (Fig. 11.2). Although the result is preliminary and further 
validation is still needed, it indicates that with proper study design the use of first-
generation xenografts could help evaluate the efficacy of therapies designed to tar-
get tumor stroma or tumor-associated immune cells.

�First-Generation Xenografts for Translational Cancer Research

An important, potential use of first-generation xenografts in translational cancer 
research consists of studying the tumor microenvironment and cancer-stromal cross 
talks. In the traditionally used cell line models, either cultured in vitro or grown 
in vivo, the complete absence of a tissue-specific tumor microenvironment has been 
a major problem for studying bidirectional communications between tumor cells 
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and the ECM or tumor-associated stromal cells. Given the important roles of the 
tumor microenvironment and its components in regulating multiple crucial aspects 
of cancer biology [97, 98], the cell lines likely lack some important biological prop-
erties of cancer tissue, thus compromising the translational value of the models [17, 
99]. Significant efforts have been made in designing in vitro or in vivo models that 
can mimic some aspects of native tissue microenvironments in humans, such as 
coculturing of cancer cells with cancer-associated fibroblasts [100], and use of cell-
derived matrices containing ECM components naturally produced by selected types 
of tumor-associated cells [101, 102]. However, these models still cannot recapitu-
late the in vivo behavior of human cancers in situ, due to inter-tumor heterogeneity 
of microenvironmental components [8, 99]. In addition, the cell-based xenografts 
often contain mouse stromal and endothelial cells, which may result in changes in 
the paracrine regulation of the cancer cells [103, 104].

Since first-generation xenograft models rather faithfully retain the tumor micro-
environment as well as the genotype and phenotype of the original patient’s tumor, 
such models could be particularly advantageous for studying cancer-stromal biol-
ogy. A good example is the utilization of a first-generation xenograft model for 
studying tumor angiogenesis. Using first-generation xenografts of prostate cancer, 
it was found that there was a marked angiogenic response induced by endogenous 
human blood vessels from the original patient’s tumor [11, 105]. The angiogenic 
response, which was possibly induced by androgen-driven expression of VEGF by 
the prostate stroma, occurred between days 6–14 after the initial implantation and 
ceased by day 15. In another study [106], the relationships of vascular architecture, 
hypoxia, and proliferation were examined using first-generation xenografts derived 
from patients with head-and-neck squamous cell carcinoma. The study showed that 
the xenografts retained their original distribution pattern of hypoxia found in the 
original patient’s tumors, with coexistence of both hypoxic and proliferating tumor 
cells. These studies suggest that first-generation xenograft models could be well 
suited for investigations of cancer-stromal interactions, allowing in vivo modeling 
of the biological process in tumor stroma (e.g., angiogenesis/neovascularization) in 
the context of an intact human cancer tissue microenvironment.

�Conclusions

In the era of massive parallel sequencing technologies, novel agents targeting 
specific genetic alterations in individual patients have been continuously devel-
oped. Preclinical cancer models are among the most critical elements in translat-
ing experimental discoveries into clinical applications. PDXs are superior to the 
conventional cell lines in many aspects and have become preferred platforms in 
translational cancer research and therapeutic development. First-generation 
xenograft models are the initial human-to-mouse generations of PDXs that har-
bor the tumor tissues directly derived from patients. First-generation xenograft 
models closely retain the histopathological and molecular characteristics of their 
parental patients’ tumors. More importantly, they keep the human stromal com-
ponent and immune cells, which are absent in cell line models or lost in trans-
plantable PDX models following extended serial passaging in vitro or in vivo. 
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First-generation PDX models therefore provide highly valuable tools for cancer-
stromal interaction studies, precision medicine/personalized cancer therapy, pre-
clinical drug development, and limited cancer immunology investigations. The 
combination of transplantable PDX models and multi-omics analyses will sig-
nificantly improve anticancer drug development, precision medicine, and our 
understanding of the mechanisms underlying cancer progression.
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�Background: An Era of Personalized/Precision Cancer Medicine

The medical care of cancer patients is entering an era of personalized cancer medi-
cine, promoted by revolutionary advances in genomic technologies such as high-
throughput sequencing methods of the genome, transcriptome, and epigenome [1, 
2]. As proposed by the European Society for Medical Oncology (ESMO), “person-
alized medicine” refers to “the tailoring of medical treatments to the characteristics 
of an individual patient and moves beyond the current approach of stratifying 
patients into treatment groups based on phenotypic biomarkers” [1]. The term “per-
sonalized medicine” is often used interchangeably with terms such as “genomic 
medicine” and “precision medicine,” with the latter more emphasizing the use of 
personalized molecular information to aid diagnosis, prognosis, treatment, and can-
cer prevention for individual patients [1].

It could be argued that precision medicine in oncology started with the clinical 
approval of imatinib (Glivec), a small molecule inhibitor rationally designed to target 
the protein product of the common t(9;22) chromosome translocation in chronic 
myeloid leukemia (CML) [3]. This achievement has revolutionized the treatment of 
CML and, ever since, made CML a manageable disease. A similar situation also pre-
vails with the treatment of acute promyelocytic leukemia (APL) with all trans-retinoic 
acid (ATRA), in which the proliferation of APL tumor cells is primarily driven by the 
PML-RAR alpha fusion gene product, resulting from a t(15;17) translocation [4]. Other 
successful precision medicine examples also include the use of the monoclonal anti-
body trastuzumab to target elevated expression of HER2 in breast cancer patients [5], 
of vemurafenib to specifically target the BRAF (V600E) mutation in metastatic mela-
noma patients [6], of PARP inhibitors to treat breast cancer patients with BRCA1 muta-
tions [7], and recently, of the immunotherapeutic checkpoint antibodies, ipilimumab 
and nivolumab, for targeting CTLA4 [8] and PD1 [9] in many types of cancer.

Preliminary successes of precision medicine have also been reported in large-
scale clinical settings. For example, a recent meta-analysis study of phase II clinical 
trials revealed that a personalized strategy was an independent predictor for better 
patient outcomes and fewer toxic deaths, while non-personalized targeted therapies 
were associated with significantly poorer patient outcomes [10]. Another very recent 
study also reported at the 2016 ASCO annual meeting that meta-analysis of 346 
phase I clinical trials (involving more than 13,000 patients) showed that the tumor 
shrinkage rate in biomarker-directed precision medicine arms was 30.6%, compared 
to 4.9% for patients not treated with biomarker-directed precision medicine (https://
www.asco.org). In the same study, it was also found that patients receiving precision 
medicine treatment had longer progression-free survival times compared to patients 
who did not get precision therapy (median 5.7 months vs. 2.95 months).

Despite all these encouraging achievements, precision medicine is still in its 
infant stage and faces immense challenges. Firstly, tumors exhibit extensive inter- 
and intratumor heterogeneity, which causes widespread phenotypic diversity and 
hence poses a significant challenge to personalized cancer medicine [11]. For exam-
ple, it was shown in clear cell renal cell carcinomas that ~75% of driver gene aber-
rations were subclonal and therefore greatly confounded accurate estimation of 
driver mutation prevalence in the disease [12]. Secondly, tumor evolution, a 
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continuous process that is subject to dynamic changes during disease progression, 
from tumorigenesis to development of metastasis and to post-therapy relapse [13], 
further complicates our understanding of the dynamic nature of cancer biology. The 
third significant challenge is from the practice of using prognostic and predictive 
biomarkers. This includes defining the positive/negative cutoffs for biomarkers 
without dichotomous interpretation, the choice of validated genetic assays and labo-
ratory tests to detect biomarkers, and the time to complete assay results within a 
time frame compliant with ongoing clinical care [2]. Other major challenges come 
from bioinformatics and economy perspectives, because of unmet needs for more 
efficient computational analytic methods for accurate translation of large-scale 
genomic data into patient clinical guidance and of economic solutions to support the 
significantly increased costs incurred in personalized medicine practice [2].

�PDX System: Brief Overview and Advantages

Patient-derived xenograft (PDX) tumor models are established by direct implantation 
of patients’ tumor tissues into immune-deficient mice. As PDXs have been reported to 
faithfully recapitulate the tumors of the patients and provide excellent clinical predic-
tive power [14], they have gradually become preferred tools in many cancer research 
fields such as anticancer drug development, biomarker discovery, and tumor biology 
investigation [15]. The recent integration with high-throughput technologies further 
enabled the development of genetically characterized PDX models that provide signifi-
cant molecular information along with their application [16]. Since detailed descrip-
tions of the unique features of PDX tumor tissue models are provided elsewhere in this 
book, we will here mainly focus on the advantages of the PDX system that are related 
to its application in co-clinical trials and personalized/precision medicine.

In the normal clinical setting, large-scale molecular profiling of a patient’s tumor 
can usually be carried out at only a few time points, i.e., when the tumor is surgi-
cally removed or a biopsy is taken. This limited access to patient tumor samples 
severely curtails our understanding of the mechanisms underlying the malignant 
progression of a patient’s cancer [17]. In contrast, the use of PDX tumor models 
allows frequent examination of PDX tissue specimens as a function of time, thus 
providing exceptional opportunities to investigate the molecular and cellular mech-
anisms that underlie tumor progression and therapy resistance [18, 19].

Another major advantage of PDX tumor models is their capability to capture 
therapy-induced cancer progression [16]. For example, in our prostate cancer PDX 
panels, developed at the Living Tumor Laboratory (www.livingtumorlab.com), the 
LTL-331 PDX line is initially a typical prostatic adenocarcinoma line which, fol-
lowing castration of the host, eventually develops into a neuroendocrine prostate 
cancer subline (LTL-331R) [14]. As such, this model system provides a useful plat-
form to study important molecular/cellular pathways that are responsible for the 
development of currently incurable neuroendocrine prostate cancer from prostatic 
adenocarcinoma, a phenomenon well recognized in the clinic [20].

The relatively stable feature of PDXs in retaining genetic alterations of patient 
tumor cells represents another advantage of these models [16]. For instance, KRAS 

12  Application of PDX Cancer Models
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and PIK3CA mutational statuses in PDXs of pancreatic ductal adenocarcinoma and 
colorectal cancer were found to be 100% preserved in as many as eight passages [15]. 
A similar observation has been reported for other PDX cancer models [14, 21], where 
genetic mutations were faithfully preserved from passage to passage. As such, the 
stable retention of genetic alterations by the PDXs, in combination with their accurate 
cancer progression modeling power, makes them an excellent system for studying 
molecular mechanisms underlying the development and progression of cancer.

The resource-sustainable feature of transplantable PDX models also makes 
them an unlimited and relatively economic source for carrying out, and repeating, 
all kinds of investigations, such as sequential, combinational, and long-term phar-
macological studies important for the development of new therapeutic modalities 
and for a better understanding of therapy-induced drug resistance mechanisms 
[22]. Additionally, this resource-sustainable feature also gives PDX tumor models 
a massive potential to explore tailored personalized medicine strategies that exhibit 
the best therapeutic effects for their potential translation into clinical patient care.

�PDX Co-clinical Trials: From Concept to Paradigm Development

Recent progress in high-throughput sequencing technologies has enabled system-
atic cataloguing of cancer genomes, which in turn stimulated the development of 
biomarker-directed clinical trials with targeted therapy against certain altered genes 
or pathways in individual cancer patients [23]. As a consequence, new clinical trial 
designs are developed to evaluate targeted agents based on genetic alterations in 
enrolled patients; such trials are also called “basket trials.” Despite significant ben-
efits produced in recently published basket trials, fundamental challenges, such as 
high patient drop-off rates in clinical trials, complex tumor heterogeneity, and dif-
ferences between patients’ tumors, often confound the interpretation of the efficacy 
of an investigational drug [18]. From such conditions, co-clinical trial approaches 
have emerged in attempts to accelerate the translation of genomic and therapeutic 
discoveries into clinical benefits for cancer patients.

A “co-clinical trial” project was first proposed and initiated by Pandolfi and co-
workers in 2011  in which they used high-fidelity genetically engineered mouse 
models (GEMM) of human cancers to conduct preclinical trials in parallel with 
human phase I/II clinical trials [4]. The trials typically involve collection, compari-
son, and integration of data obtained from the two systems. Although the “co-
clinical trial” idea was originally inspired by the successful translation of preclinical 
“arsenic trioxide and retinoid” combination therapy into clinical treatment of APL 
[24, 25], co-clinical trial practice has recently, and also increasingly, been applied to 
genetically well-defined PDX models [26].

Based on relationships between the PDX models used in preclinical trials and the 
patients enrolled in the trials, co-clinical trials can be divided into three approaches 
– PDXs derived from patients who are enrolled in the clinical trial; PDXs not derived 
from enrolled patients, but which are histologically and genetically similar; and the 
use of a very large number of PDXs (e.g., ~1000) mimicking a clinical trial setting.
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In the first approach, PDXs are developed directly from donor patients who 
are enrolled in a clinical trial [27–29]. Since it usually takes 6–9 months to gen-
erate the mouse “avatars” and only a portion of patient tumor models can be 
established, the efficacy of treatment with the same drugs in the models can only 
be compared retrospectively to clinical responses—therefore only providing 
relative retrospective information for drug and new therapy discovery. However, 
this approach still significantly complements clinical trials and can be valuable 
for patient stratification and prioritizing second-line treatment options for 
patient care. This approach is also common practice in personalized patient 
medicine, which will be discussed below.

The second approach is to use preestablished PDX tumor models that match the 
tumors of the patients enrolled in an ongoing clinical trial with regard to tumor his-
tology and/or genetic variants. This approach requires early molecular characteriza-
tion of the patients’ tumors [30, 31]. Since this type of co-clinical trial uses existing 
models, the timeline for preclinical results is significantly shorter than the first 
approach, where PDX avatars need to be firstly developed. However, depending on 
the complexity of the signatures in the patient population and the depth to which 
they need to be matched in the PDXs, finding the highly relevant population to 
match models may be a challenging task.

The third approach, which was recently pioneered at Novartis, makes use of a 
large number (n~1000) of PDX tumor models, which are histologically homoge-
neous but molecularly heterogeneous, to identify pharmacological and efficacy 
characteristics of targeted drugs [32]. With this approach, investigators performed 
in vivo drug efficacy screening, using a so-called “one animal per model per treat-
ment” approach (1 × 1 × 1), to assess the population responses to 62 treatments 
across six indications [32]. Although this strategy is totally new, when compared to 
that used in conventional preclinical studies where many animals of one model are 
used, it was demonstrated both to be reproducible and clinically translatable with 
regard to identifying relationships between a genotype and drug response. 
Furthermore, this approach also achieved markedly similar results when comparing 
the therapeutic responses of the PDXs with the clinical data, further proving the 
validity of this new approach.

In spite of the different methodologies used, the above approaches share the 
common basic concept and workflow. All co-clinical studies are composed of 
two trials, the PDX preclinical trial and the patient clinical trial. All patients’ 
tumors and PDX tumors are molecularly profiled in the first place. The ana-
lyzed bioinformatics data are then applied for therapy decision-making. The 
therapeutic results derived from both trials are compared and examined for 
correlations aimed at (1) stratifying patients in terms of drug responsiveness on 
the basis of genetic and molecular criteria, (2) identifying mechanisms respon-
sible for therapy resistance, and (3) evaluating the effectiveness of drug com-
binations to overcome such resistance based on a mechanistic understanding 
[33]. Figure  12.1 illustrates the overall procedure and basic infrastructure 
framework for carrying out a co-clinical trial study; a detailed description can 
be found in its legend.

12  Application of PDX Cancer Models



182

N
ew

 d
ru

g,
 n

ew
th

er
ap

eu
tic

s
de

ve
lo

pm
en

t

T
re

at
m

en
t

op
tim

iz
at

io
n

P
at

ie
nt

st
ra

tif
ic

at
io

n

In
te

gr
at

ed
 d

at
a

an
al

ys
is

B
io

in
fo

rm
at

ic
s 

si
te

P
re

cl
in

ic
al

 s
ite

C
lin

ic
al

 s
ite

C
lin

ic
al

tr
ia

l
T

re
at

m
en

t
ce

nt
re

C
lin

ic
al

 la
b

O
R

/ti
ss

ue
sa

m
pl

in
g 

cl
in

ic

P
D

X
tr

ia
l

B
io

-b
an

k
E

xp
er

im
en

ta
l

la
b

R
es

po
ns

iv
e

R
es

po
ns

iv
e

C
on

si
st

en
t r

es
po

ns
e

C
on

si
st

en
t r

es
po

ns
e

A
cq

ui
re

d 
re

si
st

an
ce

A
cq

ui
re

d 
re

si
st

an
ce

N
on

re
sp

on
si

ve
N

on
re

sp
on

si
ve

P
D

X
 la

b

P
D

X
 tu

m
or

in
te

rp
re

ta
tio

n
P

at
ie

nt
 tu

m
or

in
te

rp
re

ta
tio

n

H
ig

h-
th

ro
ug

hp
ut

“o
m

ic
s”

 la
b

C
om

pu
ta

tio
na

l
bi

ol
og

y 
la

b

H. Cheng et al.



183

Fi
g

. 1
2

.1
 

B
as

ic
 i

nf
ra

st
ru

ct
ur

e 
an

d 
si

m
pl

ifi
ed

 w
or

kfl
ow

 o
f 

a 
PD

X
-b

as
ed

 c
o-

cl
in

ic
al

 t
ri

al
. 

T
he

 i
nf

ra
st

ru
ct

ur
e 

of
 c

o-
cl

in
ic

al
 t

ri
al

s 
is

 c
om

po
se

d 
of

 t
hr

ee
 b

as
ic

 
si

te
s—

th
e 

cl
in

ic
al

, 
pr

ec
lin

ic
al

, 
an

d 
bi

oi
nf

or
m

at
ic

s 
si

te
s.

 A
t 

th
e 

cl
in

ic
al

 s
ite

, 
ce

nt
ra

liz
ed

 k
ey

 f
ac

ili
tie

s 
in

cl
ud

e 
an

 o
pe

ra
tin

g 
ro

om
 a

nd
 a

 b
io

ps
y 

cl
in

ic
, 

w
he

re
 

pa
tie

nt
s’

 tu
m

or
 s

pe
ci

m
en

s 
ar

e 
co

lle
ct

ed
, a

nd
 a

 c
lin

ic
al

 la
bo

ra
to

ry
 w

he
re

 c
lin

ic
al

 c
on

di
tio

ns
 o

f 
pa

tie
nt

s 
an

d 
pa

th
ol

og
ic

al
 f

ea
tu

re
s 

of
 tu

m
or

s 
ar

e 
as

se
ss

ed
. A

t t
he

 
pr

ec
lin

ic
al

 s
ite

, a
 P

D
X

 la
b 

fo
r 

PD
X

 tu
m

or
 m

od
el

 d
ev

el
op

m
en

t, 
an

 e
xp

er
im

en
ta

l l
ab

 f
or

 th
er

ap
eu

tic
s 

te
st

in
g,

 a
nd

 a
 b

io
ba

nk
 fa

ci
lit

y 
fo

r 
st

or
in

g 
PD

X
 s

ee
d 

tis
su

es
 

ar
e 

fu
nd

am
en

ta
l p

re
re

qu
is

ite
s.

 A
t t

he
 b

io
in

fo
rm

at
ic

s 
si

te
, a

 h
ig

h-
th

ro
ug

hp
ut

 m
ol

ec
ul

ar
 “

om
ic

s”
 la

b 
fo

r 
as

se
ss

in
g 

pa
tie

nt
s’

 a
nd

 P
D

X
 tu

m
or

s’
 m

ol
ec

ul
ar

 p
ro

fil
es

 
an

d 
a 

co
m

pu
ta

tio
na

l b
io

lo
gi

ca
l l

ab
 f

or
 d

at
a 

m
in

in
g 

an
d 

in
te

rp
re

ta
tio

n 
ar

e 
th

e 
co

re
 f

ac
ili

tie
s.

 A
 s

im
pl

ifi
ed

 w
or

kfl
ow

 f
or

 c
o-

cl
in

ic
al

 tr
ia

l i
m

pl
em

en
ta

tio
n 

go
es

 a
s 

fo
llo

w
s.

 S
ta

rt
in

g 
fr

om
 th

e 
cl

in
ic

al
 s

ite
, p

at
ie

nt
 tu

m
or

 s
am

pl
es

 a
re

 fi
rs

t c
ol

le
ct

ed
 b

y 
an

 o
nc

ol
og

is
t a

t t
he

 o
pe

ra
tin

g 
ro

om
 o

r 
bi

op
sy

 c
lin

ic
 a

nd
 th

en
 s

en
t t

o 
(1

) 
th

e 
hi

gh
-t

hr
ou

gh
pu

t “
om

ic
s”

 la
b 

(a
t t

he
 b

io
in

fo
rm

at
ic

s 
si

te
) 

fo
r 

ge
ne

tic
, t

ra
ns

cr
ip

to
m

ic
, p

ro
te

in
om

ic
, o

r 
m

et
ab

ol
om

ic
 in

fo
rm

at
io

n 
ex

tr
ac

tio
n 

an
d 

(2
) 

th
e 

PD
X

 la
b 

at
 t

he
 p

re
cl

in
ic

al
 s

ite
 f

or
 P

D
X

 m
od

el
 d

ev
el

op
m

en
t. 

A
ft

er
 m

in
in

g 
an

d 
in

te
rp

re
ta

tio
n 

of
 d

at
a 

at
 t

he
 c

om
pu

ta
tio

na
l 

bi
ol

og
y 

la
b 

(b
io

in
fo

rm
at

ic
s 

si
te

),
 m

ol
ec

ul
ar

 
ch

ar
ac

te
ri

za
tio

n 
an

d 
in

te
rp

re
ta

tio
n 

of
 th

e 
in

fo
rm

at
io

n 
w

ill
 b

e 
ev

al
ua

te
d 

to
ge

th
er

 w
ith

 c
lin

ic
al

 in
fo

rm
at

io
n 

of
 th

e 
pa

tie
nt

 fo
r h

is
/h

er
 e

nr
ol

lm
en

t i
nt

o 
a 

cl
in

ic
al

 tr
ia

l 
pr

og
ra

m
. W

he
n 

at
 t

he
 p

re
cl

in
ic

al
 s

ite
 a

 p
at

ie
nt

’s
 P

D
X

 t
um

or
 m

od
el

 h
as

 s
uc

ce
ss

fu
lly

 b
ee

n 
es

ta
bl

is
he

d,
 t

he
 x

en
og

ra
ft

 w
ill

 u
nd

er
go

 b
io

in
fo

rm
at

ic
s 

an
al

ys
is

 a
s 

pr
ev

io
us

ly
 c

ar
ri

ed
 o

ut
 w

ith
 a

 p
at

ie
nt

 tu
m

or
 s

am
pl

e.
 A

ls
o,

 c
on

si
st

en
t w

ith
 th

e 
m

ol
ec

ul
ar

 p
ro

fil
in

g 
in

fo
rm

at
io

n 
de

ri
ve

d 
fr

om
 P

D
X

 tu
m

or
s,

 a
 c

oh
or

t o
f 

PD
X

 m
od

-
el

s 
w

ill
 b

e 
en

ro
lle

d 
in

to
 a

 p
re

cl
in

ic
al

 tr
ia

l i
n 

w
hi

ch
 th

ey
 w

ill
 b

e 
su

bj
ec

te
d,

 in
 th

e 
ex

pe
ri

m
en

ta
l t

he
ra

pe
ut

ic
 la

b 
of

 th
e 

pr
ec

lin
ic

al
 s

ite
, t

o 
th

e 
sa

m
e 

th
er

ap
eu

tic
 re

gi
-

m
en

s 
ap

pl
ie

d 
in

 t
he

 c
or

re
sp

on
di

ng
 c

lin
ic

al
 t

ri
al

. 
In

 b
ot

h 
cl

in
ic

al
 a

nd
 p

re
cl

in
ic

al
 t

ri
al

s,
 p

at
ie

nt
 t

um
or

s 
an

d 
PD

X
s 

w
ill

 b
e 

fir
st

 s
tr

at
ifi

ed
 i

nt
o 

re
sp

on
si

ve
 a

nd
 

no
nr

es
po

ns
iv

e 
ca

te
go

ri
es

. 
A

ft
er

 p
ro

lo
ng

ed
 t

re
at

m
en

t 
w

ith
 t

he
ra

pe
ut

ic
s,

 s
om

e 
in

iti
al

ly
 r

es
po

ns
iv

e 
pa

tie
nt

 t
um

or
s 

an
d 

PD
X

s 
w

ill
 d

ev
el

op
 a

cq
ui

re
d 

tr
ea

tm
en

t 
re

si
st

an
ce

, a
nd

 th
e 

in
iti

al
 r

es
po

ns
iv

e 
ca

te
go

ry
 o

f 
pa

tie
nt

 tu
m

or
s 

an
d 

PD
X

s 
w

ill
 b

e 
fu

rt
he

r 
st

ra
tifi

ed
 in

to
 a

cq
ui

re
d 

re
si

st
an

ce
 a

nd
 c

on
si

st
en

tly
 r

es
po

ns
iv

e 
su

bc
at

-
eg

or
ie

s.
 T

um
or

 s
am

pl
es

 c
ol

le
ct

ed
 f

ro
m

 e
ac

h 
ca

te
go

ry
 w

ill
 u

nd
er

go
 f

ur
th

er
 m

ol
ec

ul
ar

 c
ha

ra
ct

er
iz

at
io

n 
an

al
ys

es
 a

nd
 w

ill
 m

ut
ua

lly
 b

e 
co

m
pa

re
d 

at
 m

ul
tip

le
 

m
ol

ec
ul

ar
 le

ve
ls

 to
 e

ns
ur

e 
th

at
 th

e 
de

 n
ov

o 
an

d 
ac

qu
ir

ed
 r

es
is

ta
nc

e 
m

ec
ha

ni
sm

s 
id

en
tifi

ed
 in

 th
e 

PD
X

 m
od

el
s 

ca
n 

be
 tr

an
sl

at
ed

 to
 th

e 
sa

m
e 

su
bt

yp
e 

of
 p

at
ie

nt
 

tu
m

or
s.

 T
hi

s 
co

m
pa

ra
tiv

e 
PD

X
 c

o-
cl

in
ic

al
 t

ri
al

 a
pp

ro
ac

h 
is

 a
im

ed
 a

t 
fa

ci
lit

at
in

g 
m

ol
ec

ul
ar

-d
efi

ne
d 

pa
tie

nt
 s

tr
at

ifi
ca

tio
n,

 p
ri

or
iti

zi
ng

 t
re

at
m

en
t 

op
tio

ns
, 

an
d 

ac
ce

le
ra

tin
g 

th
e 

de
ve

lo
pm

en
t o

f 
ne

w
 th

er
ap

eu
tic

 a
ge

nt
s 

an
d 

st
ra

te
gi

es

12  Application of PDX Cancer Models



184

�PDX-Assisted Personalized/Precision Medicine: A Promising 
and Fast Growing Field

Personalized medicine is a patient-centered exercise, in which a patient is treated as 
an individual rather than as a representative of a disease group with similar histo-
logical designation, the latter forming the basis of stratified medicine. Two funda-
mental bases of personalized cancer medicine are (1) increasing knowledge of the 
cancer genomic alteration repertoire and (2) availability of therapeutic agents that 
target altered genes or pathways. While the challenges of integrating genomic test-
ing into cancer treatment decision-making are complex and wide-ranging, one chal-
lenge in particular is well recognized, namely, the risk of analysis and interpretation 
of large-scale genomic data without validated supportive information from relevant 
experiments [21]. This is despite our ever-improving understanding of cancer biol-
ogy and increasing ability of identifying molecular drivers of tumor growth and 
survival. Increasing evidence has shown that PDXs faithfully recapitulate human 
tumor biology and may be used to predict a patient’s drug response, as a direct cor-
relation is observed between the drug responses of patients and those of their tumor 
xenografts [22]. PDX models therefore, especially when integrated with patient 
tumor genomic information, provide the most clinically relevant experimental plat-
form to monitor patients’ responses and to identify and validate hypothesis-driven 
therapies for patients who do not respond or who develop resistance to treatments 
[34].

Serving as an example, good evidence of high reliability of PDX tumor models 
in personalized medicine was presented in a study of high-grade serous (HGS) 
epithelial ovarian cancer (EOC) [35]. In this study, HGS-EOC samples, obtained 
from patients before and after neoadjuvant platinum-based chemotherapy, were 
collected and used to establish PDXs. It was found that PDXs derived from a 
naïve HGS-EOC showed responsiveness to carboplatin, trabectedin, and gem-
citabine. PDXs propagated from a tumor mass of the same patient, grown after 
carboplatin therapy, did no longer respond to trabectedin and gemcitabine and 
showed a heterogeneous response to carboplatin. Consistent with this observa-
tion, the patient experienced platinum sensitivity first and then discordant 
responses of different tumor sites to platinum rechallenge. The loss of PDX 
responsiveness to chemo-drugs was associated with a fourfold increase in NR2F2 
gene expression. In another HGS-EOC case, PDXs from a naïve tumor showed a 
complete response to pegylated liposomal doxorubicin (PLD), which was lost in 
the PDXs derived from the tumor mass in the same patient after platinum-based 
chemotherapy. Consistently, this patient showed platinum refractoriness and 
responded poorly to PLD as a second-line treatment.

Another major application of PDX-empowered personalized medicine is to 
explore combination therapies for treating malignancies of different types which 
show similar genetic alterations [36], as single drug targeted therapy has shown 
limited efficiency against tumors harboring concurrent genetic lesions [37]. For 
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example, a combination treatment of the MEK inhibitor trametinib with paclitaxel 
was tested effective in a PDX model of a metastatic melanoma exhibiting a non-
V600 BRAF mutation (G466E), a concurrent HRAS mutation (G13 V), and a loss-
of-function RB1 mutation [34]. Although the patient did not have the opportunity to 
receive this personalized combination treatment, a recent phase I clinical trial with 
a trametinib/paclitaxel (PACMEL) combination reported <40% partial response 
rates in patients with non-V600 mutant BRAF [38], indirectly validating the clinical 
relevance of using a PDX-empowered approach to explore combination therapies 
for cancers with concurrent genetic lesions.

It is worthwhile to point out that due to the substantial time it takes to establish 
a patient’s PDX tumor model (usually 6–9 months), real-time PDX-guided clinical 
care for a cancer patient is usually not practical. Although this is the general situa-
tion, exceptions have been reported for extremely aggressive cancers (e.g., meta-
static melanoma), from which patients’ PDX tumor models can be quickly 
established and applied in PDX-guided treatment decision-making in a real-time 
manner [39]. Nonetheless, the PDX-assisted personalized cancer medicine 
approach appears to be a feasible practice for second-line therapy decision-making 
in the case of relapsed cancer patients. Figure 12.2 illustrates the estimated time-
line and the basic workflow of PDX-empowered personalized medicine, as 
described below.

In brief, pieces of a patient’s tumor tissue are implanted into immune-deficient 
mice to establish a transplantable PDX line; this usually takes 6–9  months. 
Comprehensive molecular characterization of the patient’s tumor is performed and 
analyzed for identification of potential targeted therapies. After integration of the 
molecular findings with the patient’s clinical conditions, first-line systemic chemo-
therapy is administered to the patient. Once the patient’s PDX model has success-
fully been generated, it is subjected to the same first-line therapy as received by the 
patient and used to test other identified targeted therapeutic options. A portion of 
treatment-sensitive mice will be subjected to prolonged treatment aimed at develop-
ing acquired therapy resistance by the tumors and establishing drug-resistant PDXs. 
Tissue samples collected from drug-resistant and drug-sensitive PDXs are subjected 
to genetic testing to explore de novo and acquired drug-resistant mechanisms. 
According to hypothesized potential mechanisms, new therapeutic options are for-
mulated and tested in drug-resistant PDXs for identification of most effective thera-
peutic approaches. The entire PDX study is expected to be completed within 
15  months after the initial engraftment of the patient’s tumor tissue. Following 
recurrence of the patient’s cancer after the first-line treatment (at about 1–3 years), 
it will be biopsied and molecularly characterized. The molecular information 
obtained is then compared with that generated from the PDX models. If a similar 
drug resistance mechanism is identified for the recurrent tumor, the patient will be 
treated with the therapy that was most effective against the drug-resistant PDXs. If 
not, the patient will be treated with the best targeted therapy initially identified with 
the patient’s tumor and validated with the PDXs.
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�Infrastructure and Implementation: Integrated 
Multidisciplinary Care

Both PDX-assisted co-clinical trials and personalized medicine require sustained 
and coordinated efforts by both academicians and clinicians. They are extremely 
resource intensive and demand extensive infrastructure to support clinical, pre-
clinical, and bioinformatics management. Consequently, the development of inte-
grated facilities, composed of, for instance, a clinical oncology center, a PDX 
mouse laboratory, and a genomic bioinformatics consortium, is highly recom-
mended prior to commencement of such projects [4]. Furthermore, rigorous clini-
cal trial and PDX experimental protocols, SOPs and good laboratory practice, 
cooperation of pharmaceutical companies, data integration and co-clinical evalu-
ations, as well as clinical and patient education are all warranted for better imple-
mentation of PDX-assisted co-clinical trials, personalized medicine, and patient 
benefits [40].

Figure 12.1 illustrates a simplified infrastructure layout for PDX-assisted co-
clinical trial studies. The basic co-clinical infrastructure constitutes three execution 
sites—the clinical, the preclinical, and the bioinformatics centralized bases, with 
several key functional facilities involved at each site. At the clinical site, an operat-
ing room (or biopsy clinic), clinical laboratory, and treatment center are essential for 
carrying out clinical trial studies. A PDX lab and experimental therapeutic lab are 
essential for preclinical studies at the preclinical site, while high-throughput molec-
ular experimental and computational biology laboratories are fundamental for data 
generation, data mining, and result interpretation.

The PDX tumor models used in all the approaches described above require 
extensive molecular characterization, including genetic, transcriptomic signature, 
and standardized PDX response data. These data would ideally be stored in a data-
base that links tumor molecular characteristics to PDX treatment responses. 
Moreover, patient data would also be needed to determine whether there are cor-
relations between PDX and patients’ drug responses for various classes of thera-
peutics. As well, these data could be used to suggest potential novel therapeutic 
regimens for patients whose tumors share similar genetic or expression signatures 
with a particular PDX or, more ideally, a group of PDX models. Thus, PDXs could 
potentially be used to help stratify molecularly defined tumor subsets, prioritize 
treatment options, and find new combination regimens to benefit enrolled patients.

As personalized cancer medicine is based on the concept of cancer being a sys-
temic, highly heterogeneous, and complex disease, a multidisciplinary team of 
highly qualified healthcare professionals is required to provide quality care to indi-
vidual cancer patients. Since medical oncologists act as the “patient interface” 
within a multidisciplinary team [40], they should take the leading role in the multi-
disciplinary team as they not only are aware of current advances in research but also 
guide their patients in seeking out available clinical trials and in making treatment 
decisions.
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�Open Questions and Challenges of PDX-Based Approaches: 
A Journey for Improvement

It is well documented that PDX tumor models in general faithfully maintain the 
histology, genomic architecture, and drug responsiveness of the original patients’ 
tumors. However, a recent study of the effects of engraftment and propagation in 
immune-deficient mice on the genomic clonal architecture of human breast tumors 
has shown that changes may occur in the clonal dynamics of the xenografts. Thus, 
clonal selection was observed for both primary and metastatic tumors, occurring 
more frequently in the initial engraftment stage than in the propagation stage of the 
xenografts [41]. While the changes in the clonal dynamics of the PDXs may be due 
to selection of preexisting clones [42], it remains an open question on how the spon-
taneous clonal evolution affects the predictive power of PDXs with regard to drug 
responsiveness and how this is going to influence the decision-making with regard 
to patient treatment [15].

As PDX models are skewed toward more aggressive types of cancer [22], a 
higher engraftment failure rate is encountered with less aggressive malignancies. 
As well, the development of PDX models for drug efficacy testing may involve a 
long establishment time of about 6–9  months plus an expansion time of 
1–2 months. Both factors greatly limit immediate application of PDXs in treat-
ment decision-making for personalized patient care. As illustrated in Fig. 12.2, a 
more feasible approach would be to perform PDX-based drug testing during the 
period of initial standard therapy and pursue optimization of the second-line 
treatment.

Recently, the realization that cancer cells develop complex mechanisms to evade 
host immune responses has led to rapid development of targeted immunotherapies 
[43]. However, the lack of an intact immune system in immune-deficient mice bear-
ing PDX tumor models does not allow elucidation of the immune-suppressive activ-
ities of the grafted tumor in such systems [44], raising the biggest challenge in the 
PDX field. One potential solution may be to generate a humanized PDX model 
featuring a restored immune system by co-engrafting human hematopoietic stem 
cells (HPSC) and a patient’s tumor into an NSG mouse [45]. Such an approach 
could make it possible to study the complex interaction between cancer cells and the 
human immune system and allow assessment of novel immunotherapies targeting 
primary and disseminated tumor cells.

A critical economical challenge is the cost associated with PDX approaches, 
as maintaining “live tumor banks,” mouse-housing facilities, and histopatho-
logical cores proves to be expensive [1]. Increased popularity of the PDX tumor 
model systems also warrants the regulation of their use by a federally run cen-
tralized body similar to the FDA, to regulate costs and streamline disparate 
practices with respect to health insurance. Such a regulatory body would over-
see fair competition and uniformity of services provided by various commercial 
enterprises [1].
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�Conclusions

In conclusion, PDX tumor models provide a proof of principle opportunity to aid 
clinical trial design and improve patient outcomes following treatment with per-
sonalized/precision medicine. While it is not practical to develop PDXs in real 
time to direct front-line therapy of most patients, the xenografts may be useful 
for selection of subsequent lines of treatment. Although resource intensive, PDX 
studies complement approaches of molecularly targeted clinical oncology, allow-
ing prediction of probable mechanisms of drug resistance and informing design 
of appropriate therapeutic strategies. PDX models also make it possible to test 
multiple therapeutic options for prioritizing patient treatment, which could not 
be possibly carried out in the clinical setting. Although still facing many chal-
lenges, PDX systems are likely to become increasingly useful tools as they are 
more and more integrated with molecular biology techniques. As such they have 
a tremendous potential to develop into an essential modality in the field of clini-
cal oncology.
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Although the advantages of PDX cancer tissue models over traditional cell line-
based models are well appreciated, PDXs do have their limitations and deficiencies. 
Current PDX cancer models will benefit from optimization in a number of areas, 
such as improvement of engraftment rate and efficiency, availability of new, more 
amenable host strains, post-implantation xenograft monitoring, standardization of 
model development and experimental design, and inter-institutional collaborations. 
The use of such optimized, next-generation PDX models will accelerate the 
advancement of preclinical drug development and personalized cancer medicine.
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�Improvement of Engraftment Rate and Efficiency

Establishment of a panel of PDX cancer models, derived from various stages of a 
particular type of cancer, is important for better mimicking a patient’s disease. Also, 
to develop PDX models timely and efficiently is crucial, particularly for personal-
ized medicine applications. Although large collections of PDX models have been 
reported by various research groups, the number of models of difficult-to-engraft 
cancers, such as prostate cancer, is still limited. The development of transplantable 
models in particular from primary, untreated prostate cancer samples is much less 
successful [1–4]. This low success rate might simply reflect low aggressiveness of 
the cancer type, which is beyond a researcher’s control. On the other hand, it sug-
gests that these cancers may be more sensitive to grafting conditions, including the 
graft site, grafting methods, and the mouse strain used.

As reviewed in Chap. 2, three graft sites, i.e., the subrenal capsule (SRC) graft site, 
the subcutaneous site, and the orthotopic site, are commonly used for tissue grafting. 
The SRC site is most efficient for growing human prostate tumors as well as normal 
prostate cells [5]. Furthermore, it has been reported that successful development of 
PDXs from needle biopsies of primary prostate cancer tissues can be achieved by graft-
ing specimens into the SRC site of NOD-SCID mice [6]. Such findings suggest impor-
tant advantages of SRC grafting in developing models of difficult-to-engraft cancer 
types, which are likely based on the greater vascularity of the renal graft site (www.
livingtumorlab.com). Thus there is an exceptionally high fluid circulation within the 
extracellular space of the kidney [7]. This provides high graft perfusion, and the abun-
dant supply of nutrients, hormones, growth factors, and oxygen to transplanted cells 
and tissues (before they become vascularized) is likely instrumental to the success of 
SRC engraftment, in particular of cancer subpopulations which are critically dependent 
on growth-stimulating factors and oxygen [8–12]. It appears that SRC xenografting 
may not only maximize the tumor engraftment rate but also retention of the original 
cellular complexity of the primary tumor. This interpretation is supported by the high 
similarity observed between SRC xenografts and the parent tumors in histopathology, 
genetic and transcriptomic profiles, and their response to hormone deprivation [5, 13–
15]. Accordingly, cancer tissue lines developed at the SRC site should better reflect the 
wide spectrum of cancer subpopulations in the primary tumor than tumor lines devel-
oped at the relatively anoxic subcutaneous graft site, although the latter is more conve-
nient for grafting as it involves less intricate surgery and easier tumor size monitoring. 
Furthermore, once SRC tumor tissue lines are well established, they can be regrafted 
to, for example, the orthotopic site for assessment of metastatic ability.

It has also been reported that co-implanting of Matrigel or embryonic or neonatal 
mouse mesenchyme with tumor tissues can provide a supportive microenvironment 
and improve the vasculature of the models [2, 16–21]. Such supportive material 
provides growth factors and extracellular matrix to enhance the growth of the patient 
tissue and host vasculature. However, it is still not clear whether the supportive 
material can lead to artificial changes at the genomic and transcriptomic levels. In 
addition, the source of grafting samples and sample preservation methods may also 
influence the success rate of model development. However, a direct comparison is 
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lacking the effects of fresh tissue, rapid autopsy tissue, circulating tumor cells, and 
other sample sources on the establishment of the models. The effect of sample pres-
ervation media on the modeling is also unknown. We believe that a better under-
standing of these factors will significantly improve the success rate of PDX model 
establishment, particularly for difficult-to-engraft cancer types.

�Improvement of Recapitulating Tumor Heterogeneity

It is well established that cancer is a heterogeneous disease and that tumor hetero-
geneity is a prominent contributor to therapeutic failure. The intra-tumoral hetero-
geneity and subpopulation evolution during tumor progression form a major hurdle 
in developing effective anticancer therapeutics. In view of this, it is essential that 
cancer models faithfully recapitulate the tumor heterogeneity of a patient’s malig-
nancy (Chap. 5). As mentioned above, xenografting at the SRC graft site, as distinct 
from the more convenient subcutaneous graft site, likely optimizes retention of the 
cancer subpopulations of the patients’ tumor. Accordingly, SRC PDX cancer mod-
els should better reflect the heterogeneity of cancers. Furthermore, to maximize 
recapitulation of the tumor heterogeneity of a patient’s tumor, a panel of models will 
be needed which are derived from multiple biopsy specimens or circulating tumor 
cells collected at different stages of the patient’s cancer development.

A clear understanding of the molecular foundation of cancer appears to be 
required for optimal assessment of its potential for disease progression. Recently, 
multiple molecular alterations have been identified in various types of cancer which 
demonstrate inter-tumoral heterogeneity and provide a rationale for molecular sub-
classification of the disease. PDX models have provided valuable tools for studying 
various molecular alterations of the disease, and it can be expected that a large panel 
of such models, covering a number of molecular subtypes of the disease, will be 
useful for elucidating the actions of molecular alterations in cancer progression and 
for developing novel therapeutic approaches for the disease.

To obtain reproducible and reliable results with cancer tissue lines, it is crucial 
that their cellular characteristics and composition are maintained. Although follow-
ing continual in vivo passaging of tumor tissue lines only minimal changes were 
observed in their key characteristics (i.e., gross chromosome copy number, cell 
morphology, growth rates, and gene expression profiles) compared to early genera-
tion xenografts, it is likely that more aggressive subclones will be enriched during 
the process of PDX model establishment, and increasing histopathological and 
molecular differences between patient tumors and xenografts are foreseeable (Chap. 
3). It is therefore prudent to establish a permanent stock of a xenograft line at an 
early generation, to ensure that cellular characteristics and composition are pre-
served and avoid alterations generated by extended tumor passaging and unneces-
sary use of mice. A number of groups have routinely preserved PDX models for 
long-term storage and can successfully resurrect them with a high recovery rate. 
These xenograft tissue stocks can be used as an unlimited supply of a particular 
patient’s tumor and allow reproducible and reliable results.
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�Establishment of Humanized PDX Models

In the last decades, the development of PDX models has much benefited from the 
production and customization of immunodeficient host mice which lack a func-
tional immune system to allow establishment of xenografts. On the other hand, the 
lack of a functional immune system is a major limitation of PDX models, limiting 
their application in studying cancer immunology and preclinical screening of immu-
nomodulatory therapeutics (Chap. 4). To circumvent this hurdle, establishing PDX 
models with a human immune repertoire is of major interest, and it has recently 
become possible to generate PDXs in NSG mice with limited human immunity by 
co-grafting patient cancer tissue and human peripheral lymphoid cells or hemato-
poietic stem cells [22]. The development of such humanized mice is still at a rela-
tively early stage and is time- and cost-consuming. However, although generating 
immunodeficient rodent hosts with further enhanced human immunity is challeng-
ing, we believe that the next generation of humanized mice will soon be available 
and that PDX models established with such hosts will provide a new, improved 
platform for investigating the role of the immune system in cancer development and 
testing the efficacy of immune-based cancer therapies.

�Improvement of Cancer-Stromal Interaction

Cancer-associated stroma plays an important role in the development, progression, 
and treatment response of cancers (Chaps. 6 and 11). As PDX models recapitulate 
the 3D structure of the original tumor, they should provide a valuable tool for study-
ing cancer-stromal interaction in a clinically relevant setting. However, it has con-
sistently been observed that, upon serial passaging, the human stromal components 
of established PDXs are replaced by murine stroma [17, 23, 24]. This may lead to a 
lack of cross talk between cancer cells and stroma and probably cause paracrine 
changes in such PDXs that may limit their usefulness in studying therapeutic agents 
directed against tumor stroma [25]. First-generation PDX models, however, not 
only retain the intra-tumor heterogeneity of patients’ original tumors but also their 
human stroma and its components, including human cancer-associated fibroblasts 
and vasculature (Chap. 11). Furthermore, it has been observed that first-generation 
PDXs can retain human immune cells, such as cytotoxic CD8+ and regulatory T 
cells, for up to 10 weeks after tumor implantation. As such, first-generation PDXs 
may be used for studying limited aspects of immunotherapy, such as measuring the 
effect of immunotherapeutics on human stromal components and levels of human 
immune cells associated with anticancer immunity.

Recently, 3D or spheroid cultures have successfully been established for a vari-
ety of cancers; they mimic cell-cell and cell-matrix interactions, hypoxia, and drug 
penetration through the tumor more accurately than traditional cell line-based mod-
els [26]. This in vitro method can be developed faster, and is more cost-effective, 
than animal models and therefore provides an important complementary modeling 
option for cancer research and drug development. However, ex vivo manipulation 
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may lead to modifications of the tumor in terms of biologic, genetic, and epigenetic 
properties, and, at present, it is not fully understood to what extent these in vitro 
models can mimic the patients’ disease. A comprehensive comparative analysis of 
3D/organoid culture and PDX models is needed for a better understanding of these 
in vitro models and their optimization.

�Improvement of Post-implantation Xenograft Monitoring

It is critical to establish an efficient monitoring method that allows quick measure-
ment of the growth of xenografts and their responses to therapies in a noninvasive, 
longitudinal fashion, particularly considering the increasing utilization of ortho-
topic and subrenal capsule grafting techniques in the development of PDX models 
and drug screening. Although small animal imaging techniques, such as computed 
tomography, magnetic resonance imaging, and positron emission tomography, 
allow detailed, real-time assessment of tumor 3D structure, angiogenesis, and meta-
bolic activity [27], these approaches are often time-consuming and costly and are 
therefore not suitable for high-throughput implementation. Alternatively, high-
frequency micro-ultrasound imaging may be used as a rapid, comparatively inex-
pensive tool for visualizing tumor anatomy and vascularization of PDXs. Recently, 
new technology has enabled the frequency of ultrasound systems, based on linear 
transducer arrays, to be extended from 15 to above 50 MHz, leading to significant 
improvements in depth of field, visualization of microvasculature, two- or three-
dimensional sampling of anatomic data in high resolution, and ability to image con-
trast agents [28]. Bioluminescence imaging (BLI), a noninvasive imaging technology 
that uses a light-emitting enzyme (e.g., luciferase) to monitor biological processes 
of tumor cells in small animals, may also represent a cost-effective and relatively 
high-throughput preclinical imaging modality [29]. Studies have shown that exog-
enous proteins, including luciferase, can be efficiently expressed in patient-derived 
tumor cells of suspension and spheroid cultures. However, a wide usage of such a 
technique with PDX tumor models is still a challenge [30]. We can imagine that 
innovations in small animal imaging will enable a broad range of new applications, 
including longitudinal, high-throughput studies of the growth and metastasis of 
orthotopic and subrenal capsule PDXs that otherwise would be extremely difficult 
to perform.

�Inter-institutional Collaboration, Data Sharing,  
and Quality Control

As mentioned above, individual PDX models may provide only a partial picture of the 
disease due to intra- and inter-tumoral heterogeneities. Preclinical evaluation of candi-
date drugs using a limited number of PDX models may therefore not accurately predict 
their clinical efficacy nor correctly guide selection of therapies for patients. In view of 
this, establishing an extensive collection of xenograft models of a particular cancer, 
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covering a range of its subtypes, will provide a valuable platform for exploring mecha-
nisms underlying treatment resistance, predicting potential clinical trial outcomes in 
population-scale studies, and developing novel personalized therapeutic approaches 
for the disease (Chaps. 8, 9, 10, and 12). Considering the complexity and enormous 
workload, the establishment and maintenance of such a large-scale PDX collection are 
beyond the capability of individual laboratories or institutes. Last but not least, the high 
cost and amount of human resources associated with their use, compared to traditional 
cell line-based systems, form another major factor hampering the widespread use of 
PDX cancer models. Consequently, a number of academic and industrial institutions 
have joined forces to develop a collaborative network for sharing large-scale PDX col-
lections, including the National Cancer Institute (NCI) repository of patient-derived 
models, the Public Repository of Xenografts (PRoXe), the Children’s Oncology Group 
(COG) Cell Culture and Xenograft Repository, the Pediatric Preclinical Testing 
Consortium (PPTC), the European EurOPDX resource, and the Novartis Institutes for 
Biomedical Research PDX Encyclopedia (NIBR PDXE).

While each of the above academic and industrial groups has successfully developed 
PDX cancer models, there are significant differences in their working protocols and 
practices, such as the selection of host animals, grafting technique, nomenclature, anno-
tation, and model characterization. For large-scale inter-institutional collaboration, stan-
dardization of methodological procedures is crucial for classification of the models, 
their distribution, data integration and interpretation, and experimental reproducibility. 
Meanwhile, thoroughly characterizing established models and sharing their genomic 
and transcriptomic data are essential. Furthermore, it is crucial to reach a consensus for 
the selection of drug efficacy endpoints and criteria used in the evaluation of in vivo 
responses to treatment. There is no doubt that the use of a quantitative assessment sys-
tem to categorize xenografts’ responses to treatment will provide a more accurate evalu-
ation of drug efficacy in preclinical PDX trials. Recently, the modified clinical Response 
Evaluation Criteria in Solid Tumors (RECIST) has been used to classify treatment 
response in a population-based PDX trial [31]. Optimization of such modified RESCIST 
criteria will improve the data interpretation and provide more precise information for 
better guidance of patients’ therapy selection and outcome prediction.
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