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“A wife who loses a husband is called a 

widow. A husband who loses a wife is called 

a widower. A child who loses his parents is 

called an orphan. There is no word for a 

parent who loses a child. That’s how awful 

the loss is.”  

From An Orphan’s Tale by Jay Neugeboren (1976). 
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1. Patient Derived Xenografts (PDX) as preclinical models for the study of 

solid tumors 

The Dictionary of Cancer Terms of the National Cancer Institute defines PDX as 

“tumor tissue that has been taken from a patient and implanted into mice for 

research purposes”. The first reported mouse xenograft tumor model is from 1969, 

when Rygaard and Povlsen minced a primary colonic adenocarcinoma from a 74-

year-old woman patient and inoculated it subcutaneously in nude mice [1]. The 

tumor engrafted and grew in 40 days up to 2500 mm3. Upon successful 

transplantation of the tumor to new cohorts of mice, they observed no differences in 

tumor histology during the transfers, regarding degree of differentiation, contents of 

connective tissue stroma and production of mucoid material [1]. In the 1970s, 

preclinical investigators studied the potential changes, such as the mitotic index or 

the heterogeneous histological representation of human adenocarcinoma when 

serially transferred in mice [2, 3]. Pickard et al. observed higher mitotic rate in 

xenografts compared to human tumors and concluded that this increase could 

induced greater response rates in mice than in patients. They highlighted the need 

to study cell kinetics and metabolisms changes when human samples are 

implanted in mice to use these models in translational research [3]. Among studies 

from the same period, Selby et al. observed a gradual loss of properties of primary 

testicular teratoma after multiple passages in mice, specifically in the production of 

human chorionic gonadotropin, but tumors conserved important characteristics of 

the donor tissue such as histology and differentiation degree [4]. The consistency of 

PDX models in the clinical research field was studied in the 1980s. Overall, there 

was good correlation between the response of patients to one specific treatment 

and the one of their corresponding PDX models [5, 6]. Since then, large collections 

of PDXs have been developed and used in preclinical research [7].  

 

1.1. Need and opportunity 

One of the main limitations in oncology drug development is the lack of preclinical 

models that recapitulate the complex heterogeneity of patient tumors. PDXs 

established from the engraftment of patient biopsies in immunodeficient mice are 

well-known preclinical tumors models in oncology research [8, 9]. PDXs might 

better represent human tumors compared to cell line xenografts or in vitro models 

for predicting the efficacy of therapeutics in the clinic [10-12]. These cancer models 

are used to study tumor biology and tumor progression [8, 10] and they help 

accelerate the development of anticancer drugs, validation of potential targets and 

biomarkers in tumor cells [10, 13, 14]. PDXs are becoming the preferred preclinical 

strategy in both the industry and academia groups [9, 15, 16].  

 

1.2. Establishment of the PDXs 

PDXs are established by direct transplantation of fragments of fresh, primary or 

metastatic, human solid tumor tissue collected by surgery or biopsy procedures. 
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The tumor pieces can be implanted either subcutaneously or orthotopically into 

immunodeficient mice, establishing the first filial generation, also known as F0 [9, 

17] (Figure 1). PDX models can also be created from tumor cell suspensions 

obtained from pleural effusions or bone marrow, for instance, and matrigel can be 

used as vehicle for the cells. Matrigel is a gelatinous protein mixture constituted of 

structural proteins (such as laminin, nidogen, collagen and heparan sulfate 

proteoglycans) that resembles the complex extracellular matrix and is used as a 

substrate for PDX establishment [9, 18, 19]. When the PDX engrafts in mice, it is 

serially transferred from generation to generation (establishing F1, F2, etc.) [17]. In 

general, it is accepted that a PDX model is stably established after achieving F2. 

Most preclinical drug efficacy studies using PDX are performed at early passages, 

like F3 [16]. 

 
Figure 1. Protocol for establishing PDXs. The surgically resected patient tumor is cut into pieces 

of 3 x 3 x 3 mm. One to two tumor pieces, depending on the size of the original tumor, are implanted 

subcutaneously into the flank of nude mice to generate the F0. If the tumor engrafts, it is excised 

and minced into pieces that are subsequently implanted in new mice. This process is serially 

repeated to maintain and expand a PDX model. 

 

All patient malignancies developed as PDX should be characterized, either after the 

first engraftment or upon being stabilized (three to five passages), to ensure that 

they correspond to the expected patient tumor. The analysis of both tumor samples, 

patient and PDX, include immunohistochemistry markers and molecular features 

(genetics, gene and protein expression) [8, 16, 20-22]. The underlying hypothesis is 

that PDX models preserve the original tumor properties better than conventional 

preclinical models established from cell cultures. Cell lines in culture acquire new 

properties due to the adaptation process of in vitro growth conditions, including 

higher invasive capabilities [9, 11, 23]. Such changes during culture could explain 

why conventional cancer models have poor drug efficacy predictive power while 

PDX models offers the potential for personalizing patient cancer treatment in 

precision medicine studies [23-25].  
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To allow xenografting, mice must have a depleted or compromised immune system 

to avoid tumor rejection [9, 10, 22]. The immune system of immunocompetent mice 

recognizes human tissue as foreign material and it is rapidly eradicated. To select 

the most appropriate host mouse strain, we must consider the level of immune 

suppression as well as the advantages and disadvantages of each strain [9, 26]. A 

summary table is shown below from Hidalgo et al. with the most commonly 

preferred rodent strains (Table 1). 

 

Patient biopsies for engraftment can be obtained from different tissue locations 

(e.g., primary tumor vs metastasis) and at different times during the evolution of the 

disease (e.g., diagnosis vs recurrence). It is rare to obtain more than one sample 

from the same patient during disease progression [27]. Although some formal 

protocols have addressed PDX sampling from different stages of the disease, most 

clinical trials only include PDX generation in post-treatment, metastatic or recurrent 

disease stages but not at diagnosis. For instance, the clinical trial NCT04703244 

(launched in January 2021, sponsored by Mayo Clinic) is collecting residual breast 

cancer samples remaining after chemotherapy to establish PDXs to study the 

efficacy of new drugs or drug combinations, identify mechanisms of treatment 

resistance and study the endogenous antitumor immune response. Nevertheless, 

the use of less invasive surgical approaches, such as fine-needle aspirates or core 

biopsies, facilitates multiple tumor sampling from the same patient along disease 

progression (from naïve, resistant and metastatic tumor sites) [10, 28]. Thus, 

multiple xenografting from individual patients has become a feasible alternative to 

study tumor evolution and mechanisms involved in therapy resistance [29]. Clinical 

trial NCT02572778 provides one example of multiple xenografting upon collection 

of fresh primary and recurrent tumor tissue from patients with squamous cell 

carcinoma of the head and neck by local biopsy. In my PhD work, I have used 

paired PDX obtained from Ewing sarcoma patients biopsied at different stages of 

their disease. Our laboratory is the first to report this unique resource [30]. 

Establishing tumor pairs was challenging in our hands, given that biopsies at 

diagnosis result in a lower rate of successful engraftment compared to late 

biopsies.  
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Table 1. Immunodeficient mouse strains. Summary of the main features of the most common immunodeficient mouse strains used to generate PDX 

models. Modified from “The Jackson Laboratory” (www.jax.org). Abbreviations are: NK: Natural killer; SCID: severe combined immunodeficiency disorder; 

NOD/SCID: Non-obese diabetic; NSG: NOD/SCID/IL2λ-receptor null; PBMC: Peripheral blood mononuclear cell. 

Mouse Strain Deficiency Advantages Disadvantages Applications 

Nude (nu) 
No functional T 

cells 

Well characterized. High take-rate 

of human tumors. Hairless: 

improved surgery and tumor 

monitoring. 

Functional B and NK 

cells. T-cell 

functionality increases 

with age. 

Transplantation of murine and human 

(xenogeneic) tumors for imaging, 

metastasis and new therapies studies. 

SCID (scid) 
No functional T 

and B cells 

Better engraftment of allogeneic 

and xenogeneic tumor cells and 

tissues than in Nude strain. 

Functional NK cells. 

Spontaneous 

lymphomas. 

Transplantation of murine and human 

(xenogeneic) tumors for imaging, 

metastasis and new therapies studies. 

Low levels of engraftment of human 

PBMC and fetal hematopoietic tissues. 

NOD-SCID 

No functional T 

and B cells, NK 

cells impaired 

Well characterized. Low NK cell 

activity. Very low tendency to 

produce functional B and T cells 

(leakiness) with age. 

High incidence of 

lymphomas. 

Radiosensitive. 

Higher levels of engraftment of PBMC 

and hematopoietic stem cells compared 

with the SCID strain 

NOD-SCID 

IL2rgnull (NSG) 

No functional T, 

B and NK cells 

Lymphoma-resistant. Excellent 

engraftment of allogeneic and 

xenogeneic tumor cells and 

tissues. Suitable for analysis of 

human cancer stem cells and 

metastasis. 

Not completely 

characterized. 

Increased levels of growth, development 

and differentiation of human pluripotent 

stem cells and human tissue engrafted 

by intravenous, intrahepatic, 

intraperitoneal and intra-bone marrow 

injection. 
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1.3. Applications of PDXs 

1.3.1.Tumor biology and tumor heterogeneity  

Tumors are not simply a group of aberrant clonal cells but rather a heterogeneous 

mixture of cell populations including cancer-associated fibroblasts, pericytes, 

endothelial cells, tumor-promoting inflammatory cells and progenitor cells of the 

tumor stroma [31, 32]. Thus, the complexity of the tumor biology and tumor 

microenvironment (TME) cannot be fully understood without studying all the cellular 

components, the secreted proteins (such as cytokines), the proteins involved in the 

formation of the tumor extracellular matrix, and their complex interactions [31]. 

Tumor cells can be found at different differentiation stages with distinct proliferative 

potential and tumor-forming ability. This heterogeneity of the tumor cell types leads 

to variability across surface marker expression, tumor growth rates and response to 

therapy [33, 34]. Finally, the components of the TME may vary significantly among 

different patients (inter-patient) and may evolve in the same patient (intra-patient) 

due to the natural course of cancer pathogenesis or to external factors such as 

chemotherapy [31, 35].  

 

PDXs recapitulate partially the inter- and intra-tumoral heterogeneity, including both 

cell-autonomous (genomic and epigenomic heterogeneity) and non-cell-

autonomous (stromal heterogeneity) factors (Figure 2). In breast cancer, for 

instance, DeRose et al., Zhang et al. and Reyal et al. showed that PDXs maintain 

the essential features of the original tumors such as gland formation and keratin 

deposition, gene expression profiles, imaging characteristics, clinical biomarkers 

and drug sensitivity patterns [20, 36, 37]. De Rose et al. evaluated DNA copy-

number changes of each tumor and the corresponding tumor graft, including 

different PDX passages, and concluded that xenografts share almost all single-

nucleotide variations, with the exception of some specific clusters that are dominant 

in the PDX but not in the tumor patients [20].  

 

1.3.2.Resistance and progression 

Different response to therapy across the cells of a tumor can lead to the selection of 

pre-existing clonal tumor cell populations. Such drug resistant cells have a clinical 

implication in patient-specific responses to therapy that lead to disease progression 

or metastases [38, 39]. For instance, Diaz et al. suggested that the presence of a 

minor KRAS-mutant clone within a tumor predicts the development of resistance to 

epidermal growth factor receptor (EGFR) targeted therapy in patients with 

colorectal cancer [38]. In this context, PDX models can be used to study tumor 

clonal dynamics and evolution to chemoresistant phenotypes. Bruna et al. analyzed 

104 samples from 22 PDX models established from patients with breast cancer. 

Using whole exome sequencing, they studied the clonal architecture in individual 

samples and clonal dynamics upon engraftment and across different passages [40]. 

Results showed that clonal heterogeneity present in the patient tumor samples and 
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their matched PDXs was similar. The preservation of the sub-clonal families in 

PDXs is crucial to identify the clones at higher risk to show resistance to treatment 

and, therefore, to develop disease progression in the clinical practice [40, 41]. For 

instance, Cassidy et at. showed that breast cancer PDXs established from patients 

tumors with multiple sub-clone populations (polygenomical tumors) were more 

resistant to therapy than tumors with homogenous clonal population 

(monogenomical tumors) [42]. 

 

 
Figure 2. Heterogeneity of the cellular components of PDXs. A) Representation of the clonal 

evolution and development of tumor heterogeneity in tumors. Figure modified from El-Sayes et al. 

[43]. B) Representation of the assembly and collective contribution of assorted cell types constituting 

the TME, which are orchestrated and maintained by reciprocal heterotypic signaling interactions. 

Figure modified from Hanahan et al. [31].   

 

Another strategy to study drug resistance is to develop laboratory PDX models 

exposed to chemotherapy at high intensity. In this approach, we select tumors 

sensitive to a specific drug and treat them with consecutive cycles of the agent to 

study when and how resistance occurs. Sequencing of such laboratory models 

(naïve vs resistant) may identify novel mechanisms of resistance. Schueler et al. 

developed three resistant PDXs from one naïve lung cancer PDX model after 

multiple rounds of treatment with gefitinib, an EGFR inhibitor [44]. They sequenced 

the exomes of such resistant models and compared them to the original PDX. They 

found that 85% of the mutations were shared in the four PDXs (504 genes in total). 
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A smaller subset of mutations was shared by at least two PDXs (26 to 42 mutated 

genes shared) or was even unique for one specific PDX (26 to 53 unique mutated 

genes). As a result, the original PDX clustered separately from the three resistant 

models by hierarchical clustering. Proteomic analysis showed that pathways 

involved in the newly resistant PDXs were related to DNA topoisomerase type I 

activity, cell cycle checkpoints, homologous recombination and DNA repair, among 

others [44]. 

 

Acquired resistant PDXs are also useful to evaluate alternative therapies 

subsequent to chemoresistance. Das Thakur et al. developed a melanoma PDX 

resistant to vemurafenib, a specific inhibitor of V600E-mutated BRAF. They 

proposed that overexpression of mutated BRAF caused resistance [45]. They 

observed in vivo that the continuous administration of vemurafenib selected the 

drug-resistant tumor cells and all tumors grew until endpoint within 100 days. In 

contrast, mice treated with the intermittent dosage did not develop drug resistance 

and survived longer than 200 days. These results suggested that continuous 

administration promoted clonal expansion of drug-resistant cells, while intermittent 

dosing could eliminate the fitness advantage of the drug-resistant cells in the 

absence of the drug and, consequently, delayed the progression of the disease 

[45]. Similarly, Monsma et al. developed a resistant alveolar rhabdomyosarcoma 

PDX after three cycles of ifosfamide, carboplatin, etoposide and paclitaxel therapy 

(ICE-T) in order to replicate the clinical resistance observed in the patient [46]. Their 

aim was to identify potentially active therapies in the resistant PDX model in the 

context of personalized medicine. They tested a series of drugs selected based on 

tumor transcriptome analysis using a panel of drug prediction algorithms comparing 

the initial vs resistant PDXs. The drugs selected included ICE-T (as the standard of 

care treatment for recurrent metastatic alveolar rhabdomyosarcoma), BGJ398 

(fibroblast growth factor receptor 2 (FGFR2) inhibitor), sorafenib (multikinase 

inhibitor), cytarabine (substrate of the equilibrative nucleoside transporter 1 

(SLC29A1), which was overexpressed in the resistant model) and sirolimus 

(mammalian target of rapamycin (mTOR) inhibitor). They observed that the ICE-T 

resistant PDX and the initial PDX showed similar sensitivity to BGJ398 and 

sirolimus. Cytarabine was not tested in the initial PDX as the overexpression of 

SLC29A1 was only observed in the resistant PDX. Cytarabine produced significant 

regression of the resistant PDX and delayed tumor re-growth after treatment, 

showing the greatest efficacy of the drugs tested [46]. This work, among others, 

supports the rational selection of drugs based on the genomic and proteomic 

profiles of the PDX tumor, both at initial and after acquired resistance as a strategy 

for precision studies [46-48]. 

 

1.3.3.Patient prognosis 

Not all tumor biopsy samples from cancer patients engraft successfully in 

immunodeficient mice, and this may be related to the aggressiveness of the original 
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tumor [49]. Thus, it is likely that patients whose tumors engraft in mice have poorer 

prognosis. Preclinical investigations in melanoma, breast, pancreatic and lung 

cancer demonstrated that successful engraftment is associated with a poorer 

prognosis in patients [20, 29, 50-53]. 

 

Garrido-Laguna et al. found that pancreatic ductal adenocarcinoma tumors 

engrafting in mice are often SMAD4-mutants, have a metastatic gene expression 

profile and are associated to worse prognosis. They showed 81% reduction in the 

risk of death in patients whose tumor samples failed to engraft in mice [53].  Stewart 

et al. showed that successful establishment of PDXs from EGFR-mutant lung 

cancer was a strong marker of poor prognosis that correlated with higher rates of 

recurrences. They suggested that the PDX engraftment correlated with more 

clinically aggressive tumor biology [29]. Nicolle et al. showed that the engraftment 

of pediatric hepatoblastoma was strongly associated with elevated circulating 

alpha-fetoprotein levels in patients, low rates of necrosis or fibrosis in the tumor 

specimen after treatment, and gain of chromosome 20. All three characteristics 

have been described as indicators of resistance to chemotherapy and poor 

outcome, and therefore, they suggested that the ability of this samples to establish 

a PDX model was predictive of poor prognosis [54]. 

 

Despite the increased use of PDX models in pediatric cancer, few studies have 

reported the relationship between engraftment of tumor samples and clinical 

outcome. To address this question, in my PhD work we addressed whether the 

parameter “PDX engraftment” was useful to identify pediatric sarcomas at risk of 

relapse. We attempted to establish PDX models from the most frequent pediatric 

sarcomas and used the available clinical data to calculate median event free 

survival and overall survival. We compared the survival rates of patients grouped 

according to the engraftment status (positive or negative) of their tumor biopsies in 

mice. 

 

1.3.4.Preclinical research and personalized cancer therapy using mouse 
avatars 

Clinically relevant preclinical oncology models must predict the safety and efficacy 

of candidate treatments in clinical trials (Figure 3). Mouse PDXs help preclinical 

researchers to identify and evaluate the biological relevance of actionable drug 

targets and novel biomarkers. PDX can also be used to establish a therapeutic 

window between efficacy and toxicity of candidate drugs [55]. Prediction of clinical 

efficacy of novel treatments using PDX is more accurate than using in vitro models 

[16]. Therefore, pharmaceutical companies have generated an extensive collection 

of PDX models, known as the PDX Encyclopedia at Novartis. The goal of this 

platform, which currently contains more than 1000 PDX models, is to reduce the 

number of preclinical anticancer drugs that fail in clinical trials [56]. Also, the US 

National Cancer Institute decided to stop screening most drugs using the NCI-60, 
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its panel of 60 human cancer cell lines grown in culture, and replaced them with a 

new PDX platform [57]. 

 
Figure 3. PDX models to evaluate treatment response. Scheme showing the parallel use of PDX 

to test the efficacy of standard or investigational anticancer drugs received by the patient. This 

approach allows the correlation analysis of treatment in PDX and patient. In the example, response 

to treatment of an 18 years old patient with a relapsed Ewing sarcoma tumor in the scapula was 

evaluated by positron emission tomography – computed tomography (PET/CT), while response of 

his PDX was evaluated by the analyses of tumor volumes upon treatment 

 

Genomic and proteomic analyses of the tumors provide additional support for the 

rational design of precision medicine studies in the PDXs, which are also known as 

mouse avatars [13, 58, 59]. The main purpose of this strategy is to identify and 

develop personalized medicine treatments and to eliminate the toxicities and cost of 

useless therapies (Figure 4) [58]. With the development of personalized programs 

and the molecular stratification of patients, it is more suitable to deliver the most 

appropriate therapy at the right dosage [60].  

 

Experiments in individual PDX help evaluate experimental or second line 

treatments before administration in patients [9, 13, 16]. This ideal scenario is still 

challenging to apply in the clinical practice, due to the timely and costly process of 

PDX establishment and propagation for therapy testing. Nevertheless, some clinical 

trials have applied the concept of individualized PDX models to guide patient 

therapy at disease relapse [13-15]. For patients with multidrug resistant prostate 

cancer, there is a clinical trial (NCT03786848, recruiting) whose principal objective 

is to generate PDXs to select optimal individualized treatment. A similar clinical trial 

(NCT02732860, recruiting) aims to identify agents with predicted activity in PDXs 
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from patients with breast, colorectal and ovarian cancer. This trial also performs 

comprehensive genomic and epigenomic analysis of the tumors. In another 

example, bevacizumab, a humanized monoclonal antibody that targets VEGF-A, 

was approved by US Food and Drug Administration in 2004 after years of 

preclinical development in human PDX models of colorectal and renal carcinoma 

[61-63]. Similarly, studies using pancreatic cancer PDXs supported that the 

combination of gemcitabine and nab-paclitaxel modulate tumor stroma and thus 

increase the intratumoral gemcitabine concentrations. This observation led to phase 

I-II clinical trials [16, 64, 65]. 

 
Figure 4. Precision medicine strategy through the integration of genomic analysis and PDX. 

Data from individual precision medicine studies (light blue background) feed databases to establish 

prospectively biomarkers for therapy response (yellow background). Figure adapted from Hidalgo et 

al. [9]. 

 

In published studies, Morelli et al. showed a case report of a 29 year old woman 

with an advanced adenoid cystic carcinoma with brain and liver metastasis that 

showed resistant to standard of care treatments including surgery, radiation therapy 

and several lines of conventional treatment such as platinum, anthracyclines and 

imatinib mesylate [14]. In this study, they generated a PDX from a brain metastasis 

and treated this model with 22 conventional and experimental treatments. The 

mouse avatar was sensitive to abraxane, temozolomide, IGF1R, mTOR and FGFR 

inhibitors. The patient was enrolled in a phase I trial with an IGF1R inhibitor in 

combination with an EGFR inhibitor that was available at the time of this study and 

oncologists save the other treatments as opportunities for the future. Treatment 
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showed good safety profile and resulted in a control of the liver tumor but a 

progression of the brain lesion. The good correlation observed between the PDX 

and the patient responses supported the use of this platform to test experimental 

agents before the administration or the enrollment of patients in clinical trials [14]. 

Fichtner et al. showed similar results in 15 PDX established from colorectal cancer 

patients treated with 5-fluorouracil, irinotecan or oxaliplatin. Response to 

chemotherapy in patients agreed with the one in matched corresponding PDXs [66]. 

Nemati et al. demonstrated that response to temozolomide of a cohort of 29 uveal 

melanoma PDX predicted the clinical efficacy in patients [50]. Pompili et al. 

summarized data from several studies using PDX models established 

subcutaneously or orthotopically (PDOX) (Table 2). Their review supports the use 

of PDX platforms to test conventional and experimental drugs before the 

administration into patients or while patients are undergoing initial treatment [67]. 

 

Because not all patient biopsies will produce PDX models upon transplantation to 

mice, new research efforts analyze data from large cohorts of PDX to identify 

molecular characteristics that stratify patient response to treatments. Hidalgo et al. 

in 2011 tested 63 drugs in 14 PDX models from chemorefractory tumor cells from 

patients with advanced cancer, resulting in 232 treatment regimens. This approach 

produced powerful resources to identify suitable personalized treatments in a 

selected cohort of patients (Figure 4). The discovery of predictors of sensitivity and 

resistance to cetuximab, an inhibitor of the EGFR, provides an example of 

successful retrospective analysis of PDX data [9]. 
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Table 2. The predictive value of PDXs for clinical response. Modified from Pompili et a [67]. 

Tumor histotype Authors Modela Treatment/Molecular alterations Correspondence with patientsb 

Breast cancer Marangoni et al. [68] PDOXs (7) 
Docetaxel, 5-fluorouracil, 

trastuzumab 
5/7 

 
Zhang et al. [36] 

PDOXs 

(10) 

Docetaxel, doxorubicin, 

trastuzumab + lapatinib 
10/10 

Colorectal cancer Bertotti et al. [69] PDXs (85) Cetuximab, panitumumab 85/85 

Ovarian cancer Ricci et al. [70] PDXs (11) Cisplatin 9/11 

 Topp et al. [71] PDXs (10) Cisplatin 10/10 

Small cell lung cancer Anderson et al. [72] PDXs (8) Cisplatin, etoposide 7/8 

Colorectal cancer Nunes et al. [73] PDXs (52) WT KRAS (8/52) 8/8 responded to cetuximab 

 Bertotti et al. [69] PDXs (85) KRAS mutated (18/85) 18/18 not responded to cetuximab 

Non-small cell lung 

cancer 
Zhang et al. [74] PDXs (10) EGFR mutated (1/10) 1/10 responded to gefitinib 

a
 In parenthesis is reported the number of PDXs or PDOXs evaluated 

b
 Mice were treated with the same protocol used for the patients and the response was compared
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1.4. Challenges and limitations of PDX models 

Institutional programs to establish, store, maintain and use PDXs come with several 

associated challenges. One of them is the immense amount of resources needed to 

establish (and maintain) the in vivo models and to obtain, classify and store their 

derived samples in a biobank during unlimited time. Sample biobanking, including 

snap-frozen and cryopreserved samples, is essential, for instance, to develop 

international collaborations in order to increase the molecular diversity of cancer 

types representations that would be unlikely to be achieved through a single 

institution effort [10]. This is especially important in the case of rare cancers, such 

as pediatric solid tumors. The lack of robust standards for reporting PDX models, 

including nomenclature, standardized passaging methods, etc., could be a relevant 

drawback for researchers to find consistent PDX models and their associated data 

[10, 75]. Meehan et al. published in 2017 the PDX minimal information standards 

(PDX-MI) as a guide to define the “essential” and “desirable” attributes that are 

required for accurate description and reporting on PDX models [75].  

 

Some samples require prolonged intervals to establish and engraft in mice, 

frequently months, whereas only a minority grows within a few weeks of 

implantation [9, 24, 76]. This period for the generation and propagation of PDX is a 

major limitation for establishing large cohorts of PDX mice for precision medicine 

testing [13, 53]. A second limitation of the PDX is the replacement of the human 

tumor stroma components (such as cancer-associated fibroblasts, endothelial cells, 

tumor associated macrophages and tumor associated lymphocytes) by mouse 

stroma, affecting predominantly the architecture and function of the TME [7, 16]. 

This limitation is especially important in studies involving cancer therapies that 

target the microenvironment, such as anti-VEGF therapies (bevacizumab) and 

immunotherapies [16]. In this regard, a third limitation is that immunodeficient mice 

lack an intact immune system, which is necessary to screen immune-modulating 

drugs or antitumor vaccines [77]. Part of these limitations has been overcome by 

the development of humanized immune system mice [10].  

 

The fourth limitation arises from the not universal growth of all tumor biopsies in 

mice. Because tumors are heterogeneous and evolve towards a process of clonal 

expansions, it becomes important to determine which subclones engraft in patients. 

PDX would select for treatment-resistant subclones that are present at a minor 

proportion in the primary tumor and predominate in metastatic disease [78, 79]. 

Consequently, Collins et al. proposed the establishment of multiple PDX models 

from an individual patient to obtain a better representation of the original tumor 

heterogeneity [80]. Because the most aggressive tumors are easier to establish and 

propagate, there is an unbalanced representation of less aggressive tumors in the 

PDX portfolio [7, 10]. Thus, the study of tumor biology using cohorts of PDX models 

from different cancer types could be biased an only represent the most aggressive 

disease subtypes. 
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A fifth limitation is time. PDXs can show extended latency periods for the 

establishment and propagation of models, compared to cell lines. Cells in culture 

provide unlimited supply to inject in mice, with a short latency until tumors are 

palpable in xenograft mice [17, 81]. Consequently, guiding the therapeutic decision 

of the patient as first line treatment using the PDX data is difficult to accomplish, 

because when the efficacy information from the model becomes available, the 

donor patient could have already undergone multiples rounds of therapy or could 

have even developed chemoresistance to treatment [82]. To overcome this 

limitation, recent developments in computational biology, -omics technology and 

drug development lead to a “PDX-free” targeted therapy approach that selects 

treatment according to patient-specific genetic aberrations. This strategy is also 

known as “molecularly guided targeted therapy”. In a phase I clinical trial performed 

at MD Anderson Cancer Center in patients with advanced cancer, this approach 

obtained a response rate of 12%, compared to 5% using non-matched therapy [83]. 

Nevertheless, 12% response rate is still a modest achievement, which could be 

attributed to the fact that current computational technologies could not distinguish 

between driver and passenger mutations, and tumors harbor multiple aberrations of 

both types [84, 85]. Therefore, Pan et al. proposed an innovative model that 

combines the molecularly guided approach with functional analysis in a PDX 

platform, to select treatments for patients with bladder cancer [82].   

 

The sixth limitation of the PDX is that experimental results of drug efficacy do not 

always correlate with clinical results, which is likely due to differences in drug 

pharmacokinetics between humans and mice [13, 86, 87] (Table 2). In addition, 

because personalized medicine studies are still labor intensive and expensive, only 

a selected and limited number of drugs and combinations can be chosen to test in 

the PDX. The incorporation of genomic and proteomic analysis of the tumor 

samples to perform a primary selection of candidate drugs could optimize the 

selection of candidate treatments to test [88]. However, especially in pediatric 

patients, the access to certain drugs could be restricted even after being selected 

as a candidate for personalized medicine [10]. Ethical concerns due to insufficient 

pediatric data for off-label drugs, or unavailability of age-appropriate oral 

formulations have hindered several pediatric studies [89]. 
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2. Microdialysis sampling 
 
2.1. Microdialysis for in vivo investigation 

Microdialysis is a minimally invasive sampling technique developed in the beginning 

of the 1970s [90-92]. This technique allows continuous sampling of both exogenous 

and endogenous free analytes from interstitial tissue fluid in vivo from virtually any 

tissue [93-95]. The in vivo microdialysis technique consists on the insertion of a 

dialysis probe into an organ or tissue in the body in order to sample protein-

unbound analytes in the extracellular fluid (ECF) in awake animals without the need 

of sacrificing large series of animals [92, 95-98]. Improved restraining methods 

allow free-mobility of individuals used in the studies, reducing stress and increasing 

animal wellbeing [92, 94, 99, 100].  

 

2.2. Principle 

Microdialysis was originally developed for the measurement of the dynamic release 

of endogenous compounds with low molecular weight (including neurotransmitters, 

glucose, lactate or pyruvate), usually in the ECF from animal brains. Sampling of 

pharmacological agents in pharmacokinetic studies, mostly in rodents, is the 

second most important use of microdialysis [90, 100]. Recent years have seen an 

increasing number of studies reporting clinical microdialysis sampling in patients 

[92, 101]. Initial studies in humans aimed at sampling the subcutaneous adipose 

tissue, although the technique rapidly evolved to be applied in human brains [97, 

102-104]. 

 

The procedure involves the insertion of a catheter into a body tissue. In general, the 

semi-permeable membrane is located at the tip of the catheter, although sometimes 

it is located in the middle (linear probes). A perfusion fluid, similar in composition to 

the ECF, is slowly and continuously pumped through the inlet tubing at low flow 

rates ranging from 0.1 to 5 µL/min. Under these conditions, analytes that are more 

concentrated in the ECF than in the perfusate penetrate the microdialysis 

membrane by concentration gradient-driven diffusion [91, 92, 96, 97]. The dialysate 

is the solution that exits the probe and contains small organic molecules, inorganic 

ions, drugs or other molecules that passively diffuse down their concentration 

gradients (Figure 5). In ideal conditions, there is no water exchange between the 

perfusate and the ECF and the recovered volume should be equal to the perfused 

one. The dialysate leaking from the outlet tubing of the catheter is collected in vials 

at regular time intervals, which are chosen based on the desired collection volume, 

solute of interest, perfusion rate, etc. Finally, the dialysate is sent to analysis [91]. 

When the analyte of interest is a small molecule, highly sensitive analytical methods 

such as High-Performance Liquid Chromatography (HPLC) with tandem mass 

spectrometry detection (MS/MS) are then needed to detect low concentrations in 

low volumes of the dialysate [96, 105]. 
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Figure 5. Scheme of a microdialysis probe with a semipermeable membrane inserted in a 

subcutaneous tumor engrafted in one mouse. The semipermeable membrane at the tip of the probe 

allows the diffusion of analytes along concentration gradients. The perfusate enters the central 

portion of the probe under a constant flow rate. Then it moves to the outer compartment of the probe 

where it contacts with the tumor extracellular fluid (tECF) and the solute under investigation (red 

drops) is collected in the dialysate tubing. The direction of the flow through the probe is indicated 

with black arrows.  

 

The perfusate flow rates used in microdialysis are low, but they are enough to 

renew the fluid continuously at the semipermeable membrane, simulating sink 

conditions. Therefore, the complete equilibrium of concentrations between both 

sides of the membrane is not reached [92, 93, 96] (Figure 5). Using perfusates with 

physiologic concentrations simulating the composition of the ECF, the analyte 

concentrations measured in the dialysate are always a fraction of the actual levels 

in the tissue. Such fraction is known as the relative recovery (RR) and it is defined 

as the ratio of drug concentrations in the dialysate and in the tissue sampling site. 

Thus, to measure the real concentration of an analyte in the tissue of interest it is 

necessary to determine the RR using a calibration method [91, 93, 94, 100]. 

 

Several factors affect the RR of the probe in vivo, including: (a) perfusate flow rate 

and composition; (b) composition and dimensions of the material used for 

microdialysis experiments, such as the probe membrane polymer, probe length, 

probe membrane permeability or diameter cut-off, tub material and diameter; (c) 

probe location and tissue temperature; (d) physicochemical properties of the 

analyte such as molecular weight or molecular charge; and (e) interactions between 

the analyte of interest and the tissue to be sampled [90-92, 94, 96, 97, 106]. To 

calibrate probes (i.e., to assess the RR to determine the concentration of any 

substance in the ECF), the calibration conditions must reproduce, ideally in vivo, 

the properties of the targeted tissue and the factors mentioned above [90, 91, 96, 

107]. Some of the most common in vivo calibration methods need to be performed 

at constant (steady-state) concentration of the sampled molecules. These methods 

are known as “extrapolation to zero flow rate”, “point of no net flux”, and “slow 
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perfusion method” [92, 94, 97, 108, 109]. At our laboratory, we apply the zero flow 

rate method for the hydrophobic campthotecin SN-38 (the active metabolite of the 

prodrug irinotecan), which achieves steady state concentration in the mouse blood 

upon constant rate subcutaneous perfusion of irinotecan [99]. This method 

assumes that (i) there is constant ECF concentration of the analyte in plasma (i.e., 

calibration is performed at the steady state of the analyte in blood) and (ii) there is 

an exponential relationship between RR and flow rate through the microdialysis 

probe [99, 100, 108]. 

 

The “retrodialysis” is another method to calibrate the probes. In this case, the 

exogenous analyte is added at a known concentration into the artificial ECF (i.e., 

the perfusate), and perfused through the microdialysis probe inserted in the 

sampling tissue. Thus, this is the reverse process of the usual sampling system, 

because the exogenous compound dissolved in the perfusate diffuses from the 

probe to the ECF. RR is calculated as the ratio of the compound concentrations in 

the dialysate and in the perfusate [100]. In order to perform this method, there must 

be no exogenous analyte present in the tissue, i.e., it must be performed either 

before the administration of the exogenous analyte to the animal, or after the total 

clearance of the analyte at the sampling tissue [92, 94].  

 

2.3. Microdialysis as a sampling method for hydrophobic anticancer drugs 

The physicochemical properties of a drug of interest affect the diffusion process 

through the probe membrane and, consequently, modify the RR [93]. Hydrophilic 

drugs show equal values of RR by dialysis and retrodialysis when diffusing across a 

microdialysis membrane, while moderate or highly lipophilic drugs have dissimilar 

RR in vivo [93]. Lipophilic compounds bind to microdialysis tubing resulting in a low 

and usually non-reproducible RR [92, 93]. Loos et al. and Whitaker et al. showed 

low or erratic probe recovery due to non-specific binding in studies of the anticancer 

drugs docetaxel and doxorubicin [110, 111]. Thus, microdialysis experiments are 

more challenging to set up for hydrophobic drugs [112]. 

 

Modifications of the perfusate help overcome this limitation and allow the 

reproducible microdialysis of selected lipophilic compounds. Adding solubilizers 

such as 2-hydroxypropyl-beta-cyclodextrin (HPBCD) or albumin in the perfusion 

fluid prevent the non-specific binding into the tubing system [92, 93, 113, 114]. In a 

previous work of our laboratory, Carles Monterrubio developed a reproducible 

method for the assessment of the tumor pharmacokinetics of SN-38 in mice. He 

studied whether the nonspecific adsorption of SN-38 lactone to the plastic tubing of 

the microdialysis circuit could be prevented by increasing amounts of HPBCD, from 

0% to 10%. The results showed that in the absence of HPBCD SN-38 lactone binds 

to tubing, while the addition of increasing percentages of HPBCD reduced the 

binding up to zero at 10% of HPBCD [99].  
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Figure 6. Binding of SN-38 C (SN-38 carboxylate; water-soluble) and SN-38 L (SN-38 lactone; 

insoluble) to (a) FEP (fluorinated ethylene propylene) and (b) polyurethane tubing perfusated with 

SN-38 solution in 0, 2, 6, and 10% HPBCD in PBS. Figure reproduced from Monterrubio et al. [99].  

 

The addition of some solubilizers to the perfusate modifies the osmotic pressure in 

the microdialysis membrane in the tissue under investigation [93, 115]. As a 

consequence, May et al. determined an enhancement effect of cyclodextrins on the 

uptake of anandamide, a lipophilic compound, when they placed a microdialysis 

catheter in subcutaneous adipose tissue of 20 healthy volunteers. They suggested 

that this enhancement could be explained because of the formation of a complex 

between the hydrophobic compound and the hydrophobic core of the cyclodextrins 

[116]. In agreement with these results, Monterrubio also described an enhanced 

relative recovery of the hydrophilic SN-38 lactone (f = 1.86), but not of the 

hydrophilic SN-38 carboxylate (f = 1.07), as a result of the use of HPBCD in the 

perfusate solution. The calculated enhancement factors were used to estimate the 

real concentration of SN-38 lactone and carboxylate in the tumor extracellular fluid 

of neuroblastoma PDX models [99]. In my thesis work, I have used this method to 

study de concentration of both forms of SN-38 lactone and carboxylate in Ewing 

sarcoma PDXs.  

 

2.4. Compartmental analysis of intratumoral drug distribution 

A detailed characterization of the intratumoral drug distribution helps understand 

the efficacy of anticancer drugs [95, 96]. To exert their anticancer efficacy, 

therapeutic molecules must reach tumors at sufficient concentration for an 

adequate period of time [91, 117, 118]. Once in the tumor ECF, most molecules will 

find their targets intracellularly at the tumor cells. Thus, they need to cross the cell 

membrane barrier. In order to cross such barriers, molecules need to be unbound, 

i.e., they need to be free of protein binding at the ECF [95]. Because microdialysis 

does not allow protein-bound molecules to become dialyzed through the probe, this 

technique becomes important to determine the relative concentration of molecules 

at the extracellular and intracellular tumor compartments, when combined with the 

analysis of the same molecule in the whole tumor homogenate. Our laboratory 

published this procedure in the work by Monterrubio [99]. Our work was motivated 
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by previous studies applying intratumoral microdialysis. Zamboni et al. reported an 

intratumoral dose-response relationship between tissue concentration and efficacy 

using microdialysis experiments in tumor xenografts established from 

neuroblastoma and colorectal tumors, treated with cisplatin and camptothecins 

(such as irinotecan and topotecan) [119-121]. Smith et al. showed that Lipodox®, 

the generic equivalent for Doxil®, was less effective in recurrent ovarian cancer 

patients due to significant changes in doxorubicin pharmacodynamics. They used 

microdialysis to demonstrate that the distribution of Lipodox® formulation at the 

tumor tissue was decreased, compared to the one of Doxil®, in human ovarian 

orthotropic PDXs [122]. Using microdialysis, it is also possible to target different 

regions within a tumor. Pigatto et al. found that etoposide distribution was higher in 

the periphery than in the tumor center in a mammary solid tumor xenograft. This 

experiment used two probes simultaneously implanted in a single tumor. They 

concluded that etoposide plasma concentration is not a good surrogate for tumoral 

exposure [95]. 

 

We set up a technique to analyze the intratumoral drug distribution of the 

hydrophobic drug SN-38 at the compartmental level, combining the analysis of 

intratumoral dialysates, tumor homogenates and blood samples [99]. With the 

analysis of tumor homogenates, we determine total concentration of SN-38, both 

intra and extracellular, including the content of the vascular compartment. Using 

microdialisis, we determine the distribution of unbound SN-38 in the ECF. Then, we 

calculate the unbound drug volume of distribution in tumor (Vu,tumor), measured in 

mL/g tumor. We use equation [1], in which Atot,tumor is the total amount of drug per 

gram of tumor homogenate (including tumor blood), Vtot,blood is the volume of blood 

per gram of tumor, Ctot,blood is the total concentration of drug in blood, and Css,tumor is 

the concentration of unbound drug in the tECF at the steady state [99]. 

 

[1]  

𝑉𝑢,𝑡𝑢𝑚𝑜𝑟 =  
𝐴𝑡𝑜𝑡,𝑡𝑢𝑚𝑜𝑟 −  𝑉𝑡𝑜𝑡,𝑏𝑙𝑜𝑜𝑑 𝑥 𝐶𝑡𝑜𝑡,𝑏𝑙𝑜𝑜𝑑

𝐶𝑠𝑠,𝑡𝑢𝑚𝑜𝑟
 

Intuitively, we can interpret that high values of Vu,tumor indicate high distribution of 

unbound drug in the intracellular compartment whereas low values suggest that the 

drug is predominantly in the extracellular space (Figure 7). Using this methodology, 

we previously characterized the distribution of SN-38 in tumors using SN-38-loaded 

nanoparticles or SN-38-loaded local drug delivery systems [99, 123, 124]. We did 

not use the method combining microdialysis and tumor homogenate, because the 

delivery systems would have interfered with the analysis. In my PhD work, we 

applied the combined microdialysis and tumor homogenate method to characterize 

the compartmental distribution of SN-38 upon administration of irinotecan infusions 

in paired PDX obtained from patients at different phases of their disease. 
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Figure 7. Graphical representation of high and low Vu,tumor values obtained with the combined 

microdialysis-tumor homogenate method. In the subcutaneous tumor with high Vu,tumor, represented 

in green, the intratumoral drug (blue dots) is mostly intracellular. In contrast, in the tumor with high 

Vu,tumor, represented in red, the intratumoral drug is mostly placed in the extracellular space. 

 

2.5. Advantages and challenges of the microdialysis sampling 

One of the main advantages of microdialysis is that dialysates are protein-free, 

allowing direct analysis of the unbound drug collected in the target tissue without 

having to apply extraction procedures to the sample [125]. A second important 

advantage is that dialysates can be collected continuously along hours or even 

days to obtain profiles of drugs or endogenous compounds over long periods. 

Consequently, animals needed in such experiments can be reduced to a minimum 

[92]. A third advantage, related to the long-lasting sampling, is the possibility to 

detect changes due to treatments applied during the procedure. For example, in 

previous work by my mentor Angel Carcaboso, microdialysis allowed to determine 

shifts in the compartmental distribution of topotecan upon the administration of a 

drug inhibiting drug efflux processes [126]. 

 

Tissue trauma caused by the insertion of the probe is one possible drawback of the 

technique [94]. Groothuis et al. suggested that the probe alters the blood brain 

barrier permeability, perturbing the concentrations of analytes in the extracellular 

space of the brain [127]. Thus, it becomes important to design appropriate control 

experiments, in which the technique is equally applied, to account for the effect of 

the tissue damage. Using the adequate controls of the experiment the technique 

can be satisfactory and damage to tissue, if any, can be well controlled. 

Hammarlund-Udenaes described that based on their experience, probes used to 

obtain analytes from brain should be placed at least 1 day before the experiment 

whereas in other tissues, such as muscle, tumor or subcutaneously, it is advisable 

to wait for 1 h in order to minimize the damage made by the insertion [92]. Other 

studies demonstrate that short waiting times around 1 h are also adequate for CNS 

sampling studies [128, 129]. 
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The small volumes of dialysate, normally in the microliters range, are another 

limitation of the method. Thus, sample analysis requests highly sensitive analytical 

methods, such as HPLC coupled to MS/MS detection. Some laboratories 

developed a system where microdialysis is directly coupled to such detectors [94]. 

Alternative methods to the microdialysis addressing drug concentrations in tumor 

tissue include the non-invasive techniques nuclear magnetic resonance imaging 

(NMR) and positron emission tomography (PET). Nevertheless, these methods do 

not totally asses intratumoral drug distribution considering NMR has low spatial 

resolution and PET is unable to discriminate between bound and unbound drug 

[96]. 
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3. Tumor chemoresistance 

Drug resistance or chemoresistance is present in a small proportion of pediatric 

cancer patients from diagnosis, while a higher proportion acquires resistance to 

treatment after chemotherapy. In relapsed patients, the evolution of tumors towards 

a more resistant and aggressive phenotype could be produced due to acquisition of 

new mutations, adaptive response and natural selection of a drug-resistant tumor 

clone population [130]. 

 

One of the principal mechanisms inducing multiple drug resistance in tumor cells is 

the up-regulation of drug efflux processes. Multidrug resistance associated proteins 

(MRPs) are a subgroup of the ATP-binding cassette (ABC) transporter family that 

utilizes the energy from ATP hydrolysis to transport substrates across the 

membranes. A wide range of endobiotics (substrates produced in the organisms) 

and xenobiotics (substrates or chemicals found but no produced in the organisms) 

can be transported by MRPs. MRPs are not specific of cancer cells as they are also 

broadly found in normal tissue as the main functions of MRPs may vary from tissue 

defense to resistance to chemotherapy [131]. In tumors, MRPs mediate the outflow 

of a range of chemotherapeutic agents such as gemcitabine, doxorubicin, 

methotrexate, vincristine, etoposide and irinotecan, among others, thereby 

decreasing the intracellular drug concentration and drug exposure in tumor cells 

(Figure 8) [130-132]. The discovery of ABC transporters like multidrug resistance 

protein 1 (MRP1), ATP binding cassette subfamily G member 2 (ABCG2), also 

known as breast cancer resistance protein (BCRP) or P-glycoprotein (P-gp) as 

proteins responsible of multiple drug resistance identified these MRPs as novel 

targets for specific inhibitors [133, 134]. Norris et at. and Oda et al. showed that 

high-levels of MRP1 expression correlate with poor prognosis in primary 

neuroblastoma and soft tissue sarcoma [135, 136]. Similarly, Nakanishi et al. 

described that the overexpression of P-gp in a cohort of soft tissue sarcomas was 

associated with a less favorable prognosis and with high-grade tumors [137]. 

 

Zhang et al. showed an increment of the intracellular accumulation of 

chemotherapeutic drugs after inhibition of MRP1 in in vitro and in vivo studies due 

to the off-target effect of small molecular inhibitor known as ibrutinib [131]. This 

drug received the approval of the US FDA for the treatment of chronic lymphocytic 

leukemia. In vitro, ibrutinib effectively blocked the efflux of vincristine and 

doxorubicin in a leukemia cell line, leading to increased intracellular concentrations 

of these drugs. In in vivo xenografts, the combination of ibrutinib and vincristine 

resulted in a great inhibitory effect on the tumor growth compared with the 

treatments in monotherapy [131, 138]. In another study in ovarian carcinoma 

xenograft models, Ricci et al. showed that the specific antagonist of ABCG2, 

CID1434724, restored chemosensitivity to topotecan when administrated in 

combination in vitro and in vivo [133]. Despite intense clinical investigation of ABC 

transporter inhibitors, results of these trials have not shown significant therapeutic 
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activity in cancer patients [139]. First generation P-gp inhibitors had potent 

pharmacologic effects and toxicity whereas third generation seem to have minimal 

toxicity that is not dose limiting [140]. Tariquidar is a third generation inhibitor of P-

gp and ABCG2. In Phase I studies, the coadministration of tariquidar and 

vinorelbine resulted in no significant side effects or pharmacokinetic interactions 

[141]. However, a Phase III trial in patients with lung cancer combining first-line 

chemotherapy such as paclitaxel, carboplatin or vinorelbine with tariquidar, was 

stopped due to increased toxicity [142]. Not sufficiently restrictive inclusion criteria 

of clinical trials could explain partially the poor clinical success of MDR modulators. 

Such trials included patients whose tumors had acquired resistance to 

chemotherapy through MDR mechanisms, but also due to other mechanisms). A 

second challenge to interpret clinical data is the modification of drug 

pharmacokinetics upon combination with MRP inhibitors [139, 142]. Despite these 

discouraging clinical trial results using MRP inhibitors, MDRs expression are still 

linked to poor outcome. Further investigation targeting the pathways regulating 

gene expression of these ABC transporters or using antibodies directly to MRPs will 

shed light into the clinical meaning of these targets to overcome cell resistance.  

 

In my PhD work, I have studied whether changes in drug distribution within a tumor 

were related to the expression of some of the mentioned ABC transporters. 

 

A second mechanism inducing chemoresistance is the epithelial to mesenchymal 

transition (EMT) of tumor cells [143]. Cancer cells acquire a mesenchymal 

phenotype with associated changes at the genomic and protein levels [130, 132, 

144]. Mani et al. showed that the induction of EMT in mammary carcinoma cells 

promotes the acquisition of mesenchymal phenotype and the expression of stem-

cell markers, which are able to efficiently generate new mamospheres. In this 

regard, they observed that this ability could be transmitted through serial passages 

of mamosphere-forming cells suggesting a heritable and self-renewing state of the 

EMT [145]. In cancer, EMT promotes cell invasion that leads to tumor cell 

dissemination to establish secondary tumors [134, 144]. Lawson et al. and Rhim et 

al. for instance, showed that circulating pancreatic tumor cells and metastatic breast 

cancer cells in vivo express stem cell markers associated to EMT [146, 147]. 

Fischer et al. and Zheng et al. demonstrated that primary and metastatic tumor cells 

become more resistant to chemotherapy depending on the EMT differentiation state 

using genetically engineered mice [148, 149]. Lu et al. suggested that therapies 

targeting control mechanisms of cellular plasticity, such as epigenetic regulators of 

EMT, could sensitize cancer cells to treatment [143]. However, we are still far from 

completely understanding the complex mechanisms involved in EMT and its pivotal 

role during tumor initiation, progression, metastasis and treatment resistance. 
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Figure 8. Scheme of the process of multidrug resistance acquisition in cancer cells. A) Plasmatic 

membrane at baseline in drug-sensitive tumor cells. Drug (represented as red dots) crosses the 

membrane by passive diffusion and accumulates intracellularly. The higher intracellular drug 

concentration leads to cancer cell death. B) Active MRP is present in resistant tumor cells. Drug 

crosses the membrane and it is rapidly transported across the MRP to the ECF by active transport 

when ATP is hydrolyzed to ADP. Drug could not accumulate in the cytoplasm and the lower level of 

drug intracellularly is not sufficient to cause cancer cell death. C) Inhibitor (represented as orange 

circle) inactivates MRP at tumor cells to overcome drug resistance. Drug crosses the membrane and 

is not expulsed to the ECF. The inhibition of MRP allows the accumulation of drug intracellularly and 

drug sensitivity is restored in tumor cells.  

 

A third mechanism leading to drug resistance is the up-regulation of oncogenes 

related to signaling pathways of tumor development and progression [134]. Liu et 

al. described that drug resistance of ovarian cancer is caused by more than 25 

oncogenes that regulate the expression of growth factor receptors, signaling 

molecules, transcription factors, cell cycle and apoptosis regulators [150]. Apoptosis 

itself is another important factor associated with drug resistance. For instance, 

overexpression of anti-apoptotic BCL-2 family members, such as B-cell lymphoma 

2 (BCL-2), B-cell lymphoma extra-large (BCL-XL) and Myeloid cell leukemia-1 

(MCL-1) or downregulation of pro-apoptotic pore-formers factors, such as BCL-2 

associated X protein (BAX), BCL-2 homologous antagonist/killer (BAK) and 

caspases is associated to drug resistance to taxanes and platinum [132, 134, 151, 

152]. Campbell et al. and Inao et al. showed that MCL-1 expression likely 

contributes to breast cancer chemoresistance and specific MCL-1 inhibitors 

restored cancer cell sensitivity to doxorubicin [153, 154]. In this regard, the small 

molecule MCL-1 inhibitor, S63845 showed relevant efficacy in vitro and in vivo in 

preclinical mouse models of hematological malignancies [155]. Hassan et al. 
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described other proteins involved in drug chemoresistance, known as inhibitors of 

apoptosis proteins [132, 156]. These anti-apoptotic factors contribute to cisplatin 

resistance in ovarian cancer [157].  
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4. Childhood cancer 

Childhood cancer is a rare and heterogeneous group of malignancies that represent 

a small proportion, approximately 1%, of all cancers diagnosed worldwide each 

year [158, 159]. However, cancer is the leading cause of disease-related morbidity 

and mortality in childhood [160]. Pediatric cancers are different diseases with 

distinct patterns of occurrence, etiology, treatment, survival and risk of acute and 

long-term side effects with an underlying pathogenesis that in most childhood 

cancers remains largely unknown [161, 162]. Overall survival has improved from 

30% in the 1960s to more than 80% in most high-income countries and around 40% 

in most low and middle-income ones (Figure 9) [158, 159, 163, 164]. Improvement 

in survival is the consequence of substantial advances in diagnostics, 

pharmacology, treatment combinations, novel techniques and supportive care 

during the last decades [158, 165]. However, the outcome of childhood cancer 

patients not only depends on such improvements but also in the type of 

malignancy, age, anatomical site, stage of the disease in solid tumor and somatic 

genetic lesions [161]. 

 

 

Figure 9. Improvements in 5-year survival for childhood cancer in high-income countries, 1975 – 

2010. Figure reproduced from Lupo et al. [159]. 

 

Cancer in children and young adults are fundamentally different from the cancers 

seen in adults in terms of epidemiology, cellular origin, and response to therapy, 

among several other factors [158, 166]. Recent pan-cancer next generation 

sequencing analyses have demonstrated that the mutational burden in most 

childhood cancers is substantially lower than in adult cancers (Figure 10) [159]. 

Fusion genes are more common in pediatric than in adult malignancies, suggesting 
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that epigenetic dysregulation is important for the development of many forms of 

childhood cancer (Figure 10) [160, 167, 168]. 

 

 

Figure 10. Somatic mutations in the pediatric pan-cancer cohort. Somatic coding mutation 

frequencies in 24 pediatric (n = 879 primary tumors) and 11 adult (n = 3281) cancer types (The 

Cancer Genome Atlas, TCGA). Hypermutated and highly mutated samples are separated by dashed 

grey lines and highlighted with black squares. Median mutation loads are shown as solid lines 

(black, cancer types; purple, all pediatric; green, all adults). Figure reproduced from Grobner et al. 

[167]. 

 

Pediatric sarcomas are a group of solid tumors that represent 12-15% of all 

childhood cancer at diagnosis. There are two main subgroups, bone sarcoma and 

soft tissue sarcoma [169]. Although each of them has a distinct genetic profile, 

treatment has historically been similar, consisting in conventional chemotherapy, 

surgery and irradiation [166]. Among pediatric sarcomas, the most frequent types 

are Ewing sarcoma, osteosarcoma and rhabdomyosarcoma. In my PhD work, I 

have addressed questions related to animal modeling and anticancer drug 

distribution in these diseases, with a principal focus on Ewing sarcoma.  
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4.1. Ewing sarcoma 

Ewing sarcoma is the second most common bone tumor in children and 

adolescents, commonly arising from the axial skeleton and the diaphysis bones, 

occurring predominantly in pelvis, femur, tibia and ribs, or in soft-tissue, mainly in 

thoracic wall, gluteal muscle, pleural cavities and cervical muscles [170, 171] 

(Figure 11). The peak incidence of Ewing sarcoma is around 15 years of age, 

coinciding with puberty, and males are more affected than females [171, 172]. 

Metastasis at diagnosis is present in approximately 20-25% of patients, mainly 

appearing in lung, bones and bone marrow [170, 172, 173]. 

 

Current treatment is a multimodal regimen that consist in surgical resection, local 

radiotherapy and intensive multi-agent chemotherapy, such as regimens containing 

vincristine, ifosfamide, doxorubicin and etoposide (VIDE) and gemcitabine and 

docetaxel (G/D), among others [174-176]. Despite this standard of care is effective 

for treatment of patients with localized disease with a 5-year overall survival of 70-

80%, those patients with metastatic diseases at diagnosis or relapsed tumors have 

poor clinical prognosis, with an overall survival of less than 30% [171-173, 177]. 

 

Ewing sarcoma is characterized by a fusion gene encoding Ewing’s sarcoma RNA 

binding protein 1 (EWSR1) with variable members of the gene encoding 

erythroblast transformation-specific (ETS) transcription factor family, with 85% 

being Friend leukemia virus integration 1 proto-oncogene (FLI1) and 10% ETS 

related gene (ERG) [166, 171, 172, 174]. Delattre et al. in 1992 described for the 

first time the EWSR1-FLI1 gene fusion in Ewing sarcoma tumors and how the 

EWS-FLI1 oncoprotein modifies the expression of genes implicated in tumor 

initiation and progression [178, 179]. Ewing sarcoma has a stable genome with few 

genomic events, with the exception of TP53 and stromal antigen 2 (STAG2) 

alterations, which are present in 7% and 20% of cases, respectively, and the 

depletion of cyclin-dependent kinase inhibitor 2A (CDKN2A), which regulates cell 

proliferation, in 10-22% of cases [171, 172, 174, 180, 181]. 

 

A relevant diagnostic marker of Ewing sarcoma is a cell-surface glycoprotein known 

as CD99, strongly expressed in Ewing sarcoma cell membranes [182, 183]. 

However, CD99 is not specific for Ewing sarcoma, thus the diagnostic can only be 

confirmed by molecular pathology using fluorescence in situ hybridization (FISH-

based) detection of EWSR1 rearrangements and reverse transcription – 

polymerase chain reaction (RT-PCR) [184]. 
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Figure 11. Clinical features of Ewing sarcoma: primary localizations, radiologic patterns, histology, 

and most common metastatic sites. Figure reproduced from Riggi et al. [172].  
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4.2. Osteosarcoma 

Osteosarcoma is the most common bone cancer in children and young adults, 

arising often in long bones such as femur, tibia and fibula, but also in flat bones 

such as pelvis and skull [170, 185] (Figure 12). The peak age at diagnosis of 

osteosarcoma occurs predominantly during puberty, coinciding with a rapid 

expansion of large bones, contributing to tumor initiation [186, 187]. Metastasis at 

diagnosis is present in approximately 20-25% of patients, with the lungs being the 

most common site [188]. 

 

Treatment of osteosarcoma has not changed significantly since established more 

than 30 years ago [189]. The standard of care includes, similarly to Ewing sarcoma, 

a surgical resection, local radiotherapy and a combined regimen of chemotherapy 

that includes doxorubicin, cisplatin, ifosfamide, etoposide and methotrexate [187, 

190, 191]. Survival rates for osteosarcoma have remained at 60-70% for localized 

disease [188, 192]. In those patients who have metastatic disease at diagnosis or 

who relapse, the 5-year survival rate is below 30% [185, 188, 190, 193, 194]. 

Despite intensive efforts, no new therapeutic regimens have improved survival in 

these patients [190]. 

 

The genome of osteosarcoma is highly unstable and complex, with a large number 

of chromosomal breaks leading to structural variations, also known as 

chromothripsis, and relatively few recurrent point mutations in protein-coding genes 

[166, 170, 190]. The most frequent molecular alterations in osteosarcoma are the 

inactivation of the p53 and RB tumor suppressors, in 74% and 64% of cases 

respectively, as well as gain of function in some of the proteins involved in the PI3K 

pathway in 56% of cases [190, 192, 195]. This genomic landscape suggests that 

somatic copy-number variations could play a critical role in the osteosarcoma tumor 

progression and maintenance [190].  

 

Imaging and biopsy guide the diagnosis of osteosarcoma patients. Imaging 

techniques include plain radiography followed by magnetic resonance imaging 

(MRI) or functional studies analyzing glucose metabolism by PET/CT using F-18-

FDG [196, 197]. PET/CT provides information for diagnosis of primary lesion and 

metastasis, and can also be used for histological response to chemotherapy [196]. 

There is no specific biomarker for osteosarcoma diagnosis, but the presence of 

osteoid in the tumor biopsies is characteristic of the disease [197].  
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Figure 12. Osteosarcoma in the left tibia of a 10 year old female patient. A) Sagittal MRI T1 

weighted images (highlight of fat tissue), B) sagittal MRI T2 weighted images (highlight of fat tissue 

and water), and C) sagittal MRI fat-suppressed T2 weighted images showing low T1/T2 mixed 

signals of the left tibia. The epiphysis is involved (white arrows). D) 
18

F-fluorodeoxyglucose (F-18-

FDG) PET/CT metabolic imaging showing increased radionuclide uptake accumulation in the tumor. 

E) Histologic representation showing patchy distribution of tumor cells, marked nuclear atypia, 

numerous mitotic figures and osteoid matrix (black arrow) (original magnification, x200; hematoxylin 

and eosin staining). Figure modified from Sun et al. [198].  
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4.3. Rhabdomyosarcoma 

Rhabdomyosarcoma is the most common soft-tissue sarcoma of children and 

adolescents, arising anywhere in the body in association with the musculature 

[166]. Rhabdomyosarcomas subtypes are denominated alveolar and embryonal. 

The incidence of the alveolar type is constant throughout childhood and 

adolescence, while the embryonal type is most common in early childhood [199-

201]. Embryonal rhabdomyosarcoma typically arises in the head and neck or in 

genitourinary sites while alveolar rhabdomyosarcoma arises predominantly at the 

extremities [166]. Metastasis at diagnosis is present in approximately 20% of 

children, mainly in lungs, bone and bone marrow [202]. 

 

Standard of care is based on controlling the primary tumor by surgical resection, 

ionizing radiation and eradicating systematic metastatic disease using intensive 

chemotherapy regimens [174, 203]. Systematic chemotherapy consists in multi-

drug regimens including vincristine, actinomycin D and cyclophosphamide (VAC) or 

ifosfamide, vincristine and actinomycin D (IVA), both combinations showing similar 

outcomes [200, 203-205]. At our institution, Hospital Sant Joan de Déu, the upfront 

treatment of the primary tumors in patients with rhabdomyosarcoma consists in 

irinotecan as monotherapy or combined with carboplatin or vincristine. Globally, 5-

year overall survival of rhabdomyosarcoma exceeds 70% [174, 203, 204, 206]. 

However, patients with alveolar rhabdomyosarcomas have inferior clinical 

outcomes compared to embryonal rhabdomyosarcomas [170]. Patients with widely 

metastatic and recurrent disease have poor prognosis, with an overall survival at 3 

years of 25-30% [202, 203, 207]. 

 

Morphologically, rhabdomyosarcoma cells usually resemble skeletal muscle linage 

and the diagnostic of this tumor can be established by immunohistochemistry and 

molecular studies analyzing the expression of skeletal muscle gene product 

(muscle-specific actin, myosin, desmin, myoglobulin, MYOD1 or MYOG) (Figure 

13) [208, 209]. Molecularly, alveolar rhabdomyosarcoma is characterized by a 

fusion gene encoding paired box protein 3 (PAX3) or paired box protein 7 (PAX7) 

with forkhead box protein O1 (FOXO1) and embryonal rhabdomyosarcoma is 

fusion-negative [170, 200]. Therefore, the detection of the presence or absence of 

the fusion gene by molecular analysis, usually by FISH technique or detecting the 

fusion transcript by RT-PCR assay, is necessary to distinguish between both 

subtypes [210, 211]. 

 

In 1993, Galili et al. and Shapiro et al. described for the first time the PAX-FOXO 

fusion as characteristic of alveolar rhabdomyosarcoma tumors [212, 213]. PAX3 

and PAX7 genes encode highly related members of the paired box transcription 

factor family, with critical roles during development (maintenance of multipotent 

state and initiation of differentiation programs, cell migration, proliferation and 

survival), whereas FOXO1 encodes a widely expressed member of the forkhead 
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transcription factor family [203, 214]. The resulting chimeric protein is an activator 

that increases the expression of downstream target genes related with invasion, 

migration, proliferation and survival [214]. A small proportion of patients with 

alveolar rhabdomyosarcoma do not present any of these translocations, and their 

tumors are biologically and clinically similar to embryonal rhabdomyosarcoma [203].  

 

The overall burden of somatic mutations of rhabdomyosarcomas is very low, as 

shown by whole-exome and whole-genome sequencing, especially in fusion-

positive alveolar rhabdomyosarcoma [215, 216]. Embryonal rhabdomyosarcomas 

have features of unstable genomes and can present mutation in RAS-family genes, 

fibroblast growth factor receptor 4 (FGFR4), phosphatidylinositol-4,5-bisphosphate 

3-kinase catalytic subunit alpha (PIK3CA) and the catenin beta 1 (CTNNB1) [174, 

203, 215, 216].  
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Figure 13. Histologic characterization of embryonal and alveolar rhabdomyosarcoma. 

Immunostaining of α-myogenin and α-desmin mark the skeletal muscle lineage. Alveolar pattern is 

observed with hematoxylin and eosin (H&E) staining in the alveolar rhabdomyosarcoma. Alveolar 

subtype often, but not always, displays loosely associated tumor cells in clusters resembling 

pulmonary alveoli and robust immunostaining for α-myogenin. Original magnification x400. Figure 

reproduced from Skapek et al. [203].  
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5. Camptothecins in the treatment of pediatric sarcomas 

Camptothecins are a family of topoisomerase-I inhibitor molecules. 

Topoisomerases are nuclear enzymes involved in the maintenance of DNA 

topology and structure during replication and transcription, and they are also 

implicated in DNA repair [217, 218]. The mechanism of action of camptothecins is 

by binding to topoisomerase-I and DNA strands forming a non-covalent ternary 

complex that induces single-strand breaks which are reversible and non-lethal [217, 

219]. When the DNA replication fork collides with the ternary complex, single-

standard breaks are converted to irreversible double-strand breaks, inducing cell 

death via apoptosis (Figure 14) [219, 220]. Clinically approved camptothecins, 

topotecan and irinotecan, derive from camptothecin, a potent natural compound 

extracted from the bush Campthoteca accuminata. This compound showed poor 

solubility and high toxicity due to its chemical structure. Consequently, it was 

modified to improve its biopharmaceutical properties [218]. Mechanisms of 

resistance to camptothecins are mainly associated with decreased levels of cellular 

topoisomerase-I or with gene mutations that downregulate or alter this protein. 

Another mechanism is to reduce the uptake of camptothecins due to 

overexpression of the MRPs, including P-gp [218, 220-222] (see section 1.3). 

 

 
Figure 14. Mechanisms of action of camptothecin. Figure reproduced from Bomgaars et al. [220]. 

 

Irinotecan is one of the best-studied camptothecins. It is a pentacyclic alkaloid 

chemically conjugated to a bis-piperidine side chain, which contributes to its water 

solubility [223, 224]. Camptothecins are active only when the lactone ring of the 

molecule is closed. At acid pH, the lactone is stable. Upon increasing the pH to 

neutral or basic, the lactone opens to carboxylate and both forms achieve a pH-

dependent reversible equilibrium (Figure 15) [218, 225]. Only the lactone is active 

against tumor cells [218, 225]. Thus, camptothecins for parenteral administration to 

patients are formulated as acid solutions. 
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Figure 15. pH-dependent equilibrium of irinotecan and SN-38 isoforms. Figure reproduced from de 

Man et al. [225]. 

 

Irinotecan is a prodrug that is converted to its active metabolite SN-38 (7-ethyl-10-

hydroxycamptothecin) by liver carboxylesterase converting enzymes (CES1/2) and 

human butyrylcholinesterase (hBChE) in blood plasma [225-227]. SN-38 is highly 

hydrophobic but very active, especially the lactone form, while the carboxylate 

presents high aqueous solubility (Figure 15) [218, 225]. SN-38 is 100 to 1000-fold 

more cytotoxic than irinotecan [228]. SN-38 is inactivated by UGT (uridine 5’-

diphospho-glucuronosyltransferase) enzymes such UGT1A1, UGT1A7, UGT1A9 

and UGT1A10, which convert SN-38 to glucuronide (β-glucuronide conjugate) 

promoting the elimination of the drug from the body [218, 225]. Irinotecan 

pharmacokinetics can be altered by age, sex, dose, administration timing or hepatic 

function. These processes affect drug clearance and consequently can be related 

to the appearance of toxicity [225]. The main limitations of irinotecan treatment in 

monotherapy are hematological and gastrointestinal toxicities associated to 

neutropenia and severe diarrhea in 16 and 31% of patients respectively [218, 221, 

225, 229].  

 

Irinotecan is used in the treatment of several pediatric sarcomas, such as Ewing 

sarcoma and rhabdomyosarcoma but with less experience in the treatment of 

osteosarcoma or non-rhabdomyosarcoma soft tissue sarcoma [230]. The first 

reported pediatric phase I clinical trial of irinotecan was reported by Furman et al. in 

1999 based on the preclinical observation of improved efficacy when using a 

protracted multi-day schedule, especially when given for 5 consecutive days 2 

weeks in a row (dx5x2 schedule) [230-232]. The objective response observed in 

patients with relapsed rhabdomyosarcoma and Ewing sarcoma were consistent 

with the preclinical activity obtained in pediatric sarcoma xenograft models using 

the same schedule [230, 232]. Irinotecan as a single agent is insufficient for the 

treatment of pediatric sarcomas, showing response rates in relapsed patients under 
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10% for both rhabdomyosarcoma and Ewing sarcoma in a phase II trial [233]. 

Phase II and III clinical studies of irinotecan combinations with other anticancer 

agents have shown improved activity in pediatric sarcomas, as summarized by 

Wagner et al. [230] (Table 3). Chemotherapeutic drugs that have been combined 

with irinotecan to treat pediatric sarcoma include vincristine [234-238] carboplatin 

[239], temozolomide [237, 238, 240-242], docetaxel [243] or ifosfamide [244]. The 

use of irinotecan in combination with other agents is becoming more established for 

the treatment of intermediate and high-risk rhabdomyosarcoma as well as for 

relapsed Ewing sarcoma. In my PhD work, I have used irinotecan and SN-38 as 

model drugs to address questions related to PDX response to therapy, PDX 

functional stability, tumor evolution towards chemoresistance and drug distribution. 
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Table 3. Key phase II and III studies using irinotecan in pediatric sarcoma patients. 

Authors Phase Other agents given 
with irinotecan 

Population Comments 

Hawkins DS, et al. 
[234] 

III Vincristine Newly-diagnosed intermediate-
risk rhabdomyosarcoma 

VIa alternating with VACb is as efficacious as 
VAC alone, and may reduce long-term toxicity 

Pappo AS, et al. 
[235] 

II Vincristine Newly-diagnosed metastatic 
rhabdomyosarrcoma 

Response rate to induction rose from 46-70% 
after addition of vincristine 

Dharmarajan KV, et 
al. [239] 

II Carboplatin, 
radiation 

Newly-diagnosed intermediate or 
high-risk rhabdomyosarcoma 

Local control rate of 89%; reduced mucositis 
compared to historical controls 

Mascarenhas L, et 
al. [236] 

II Vincristine Relapsed rhabdomyosarcoma Similar rates of response and grade 3-4 
toxicity between dx5 vs dx5x2 schedule 

Mixon BA, et al. [237] II Temozolomide, 
vincristine 

Relapsed rhabdomyosarcoma One complete response in 4 patients 

Kurucu N, et al. [240] II Temozolomide Relapsed Ewing sarcoma Response rate 55% 

Wagner LM, et al. 
[241] 

II Temozolomide Relapsed Ewing sarcoma 
 

Response rate 29% 

Casey DA, et al. 
[242] 

II Temozolomide Relapsed Ewing sarcoma Response rate 63% 

Raciborska A, et al. 
[238] 

II Temozolomide, 
vincristine 

Relapsed Ewing sarcoma Response rate 68% 

Yoon JH, et al. [243] II Docetaxel Relapsed Ewing sarcoma Response rate 33% 

Crews KR, et al. 
[244] 

II Ifosfamide Newly-diagnosed high-risk 
osteosarcoma 

Ifosfamide reduced SN-38 exposures 

a
 Vincristine plus irinotecan 

b
 Vincristine, actinomycin-D and cyclophosphamide  



 

51 

  



52 

  



 

53 

HYPOTHESES AND AIMS  



54 

 



HYPOTHESES AND AIMS 

- 55 - 

Therapy development in cancer involves several consecutive steps including (1) the 

identification of the unmet medical need (disease or clinical question), (2) the 

establishment of clinically relevant resources or models to address such need, (3) 

the evaluation of therapies or experimental questions in the established models, 

and (4) the design and execution of clinical trials or protocols. The ambition of my 

PhD work was to follow the mentioned steps to build a body of results with potential 

clinical impact in the pediatric oncology field. Research at our institution, SJD, 

focuses on several types of cancers with bad prognosis, such as pediatric 

sarcomas. These cancers belong to a rare and heterogeneous group of skeletal 

and soft tissue malignancies accounting for approximately 12% of all childhood 

solid tumors. The most frequently occurring ones are Ewing sarcoma, 

osteosarcoma and rhabdomyosarcoma. With the up-to-date treatment modalities, 

based on surgery, radiation and chemotherapy, the 5-year survival rates of these 

patients have improved up to 70-80% in the last decades. However, a substantial 

proportion of patients relapse and do not respond consistently to rescue therapy. 

Whether the lack of response to therapy of these patients is due to drug delivery 

issues in resistant tumor cells is not completely understood. The main question I 

wanted to address in my work was whether patients whose tumors stop responding 

to anticancer medicines show diminished intratumoral drug distribution. Because 

this experimental question was challenging to address in the clinical setting, we 

needed to generate the adequate laboratory models. Thus, we established PDX 

models in immunodeficient mice. There is compelling evidence suggesting that 

PDX, at least at initial passages, reproduce the clonal heterogeneity, genetics and 

histology of several types of cancer. Whether this holds true for pediatric sarcomas 

was not sufficiently clear. Thus, we embraced an ambitious project to address (1) 

the identification of clinical and technical factors involved in pediatric sarcoma PDX 

engraftment, (2) the characterization of the stability of the PDX during initial 

passages, and (3) the relationship between successful PDX and patient prognosis.  

 

The main hypotheses of my work were: 

 

 (1) PDX models faithfully represent pediatric sarcoma tumors established from 

patients at different disease stages. PDX conserve the main histology, 

molecular and functional properties of human tumors over successive 

passages in mice. 

 

 (2) PDX engraftment correlates with patient prognosis. Successful 

establishment of PDX models helps identify patients with higher risk of 

recurrence and disease progression. 

 

 (3) Intratumoral distribution of anticancer drugs becomes restricted due to the 

evolution of patient disease. Cancer cells in relapsed tumors displace 

chemotherapeutics from the intracellular to the extracellular tumor 

compartment. 
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 (4) The expression of multidrug resistance efflux transporters explains, at least 

partially, the shift of the intratumoral drug distribution towards the 

extracellular compartment upon tumor evolution in relapsed patients.  

 

To address my hypotheses, the main objectives of my thesis were: 

 

 (1) To establish and characterize PDX models from biopsies and necropsies of 

pediatric patients diagnosed with Ewing sarcoma, osteosarcoma and 

rhabdomyosarcoma. To address this goal, we implanted patient samples 

obtained at Hospital Sant Joan de Déu in immunodeficient mice. Upon 

successful engraftment as PDX, we characterized the histology, genomics 

and response to model therapy (irinotecan) of the established tumor models 

over time in successive passages in mice.  

 

 (2) To identify factors favoring PDX engraftment and to study the association 

between PDX engraftment and prognosis in pediatric patients with Ewing 

sarcoma, osteosarcoma and rhabdomyosarcoma. To address this goal, we 

collected clinical and technical data from the patients and the PDX, and we 

studied the relationship between PDX engraftment and several patient and 

sample factors, including disease stage (diagnosis or relapse) and patient 

outcome (event free survival and overall survival). 

 

 (3) To detect and characterize changes in anticancer drug activity and 

intratumoral drug distribution during the evolution of Ewing sarcoma. To 

address this goal, we established pairs of PDX models from patients at 

diagnosis and late disease stages. In such paired PDX, we studied the 

activity and distribution of the model drug irinotecan and its active metabolite, 

SN-38. We applied the intratumoral microdialysis – tumor homogenate 

technique to obtain samples of PDX engrafted in mice receiving irinotecan 

infusions, and we calculated the unbound volume of distribution of SN-38 in 

the established PDX. We analyzed the expression and function of multidrug 

resistance efflux transporters, such as P-glycoprotein, as likely cause of the 

limited drug distribution and acquisition of resistance in relapsed tumors. 
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Abstract 

The goals of this work were to identify factors favoring patient-derived xenograft 

(PDX) engraftment and study the association between PDX engraftment and 

prognosis in pediatric patients with Ewing sarcoma, osteosarcoma and 

rhabdomyosarcoma. We used immunodeficient mice to establish 30 subcutaneous 

PDX from patient tumor biopsies, with a successful engraftment rate of 44%. Age 

greater than 12 years and relapsed disease were patient factors associated with 

higher engraftment rate. Tumor type and biopsy location did not associate with 

engraftment. PDX models retained histology markers and most chromosomal 

aberrations of patient samples during successive passages in mice. Model 

treatment with irinotecan resulted in significant activity in 20 of the PDXs and 

replicated the response of rhabdomyosarcoma patients. Successive generations of 

PDXs responded similarly to irinotecan, demonstrating functional stability of these 

models. Importantly, out of 68 tumor samples from 51 patients with a median follow 

up of 21.2 months, PDX engraftment from newly diagnosed patients was a 

prognostic factor significantly associated with poor outcome (P = 0.040). This 

association was not significant for relapsed patients. In the subgroup of patients 

with newly diagnosed Ewing sarcoma classified as standard risk, we found higher 

risk of relapse or refractory disease associated to those samples that produced 

stable PDX models (P = 0.0357). Overall, our study shows that PDX engraftment 

predicts worse outcome in newly diagnosed pediatric sarcoma patients. 

 

Key words: patient-derived xenograft, Ewing sarcoma, rhabdomyosarcoma, 

osteosarcoma, prognosis. 
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1.1. Introduction 

Pediatric sarcomas are a rare and heterogeneous group of skeletal and soft tissue 

malignancies accounting for approximately 12% of all childhood solid tumors (1). 

The most frequently occurring are Ewing sarcoma, osteosarcoma and 

rhabdomyosarcoma, altogether representing 13% of all malignant tumors in 

patients younger than 14 years, and up to 18% of all tumors among patients 

between 15 and 19 years (2-4). With up-to-date treatment modalities, the five-year 

survival rates have improved in the last decade to 79% for Ewing sarcoma, 73% for 

osteosarcoma and 70% for rhabdomyosarcoma (5-7). Unfortunately, intensive and 

multimodal treatments currently used in pediatric sarcomas have topped their 

efficacy (1,8,9). A substantial proportion of patients relapse and do not respond 

consistently to rescue chemotherapies because of tumor evolution into a 

chemoresistant phenotype (10). 

 

Patient derived xenograft (PDX) tumor models in immunodeficient mice are well-

recognized tools for the study of rare tumors and their treatment (11-13). In 

colorectal cancer, epithelial ovarian cancer and lung adenocarcinoma, for instance, 

PDXs retain the main properties of the original patient tumor, including histology, 

genetic and genomic alterations, gene expression profile and heterogeneity 

(6,11,14,15). Successful engraftment of a patient tumor biopsy in animals might 

predict the outcome of patients (16). For breast, pancreatic and lung cancers, 

engraftment in mice associates to worse patient prognosis (15,17,18). Likely, there 

is a selection process enabling the most aggressive clones to expand and prevail in 

successive passages in mice (11,13,19-21). PDX models of most pediatric 

sarcomas are suitable for such establishment (22-24). Whether the parameter “PDX 

engraftment” could be useful for identifying pediatric sarcoma patients at risk of 

relapse or refractory disease is not well characterized. To address this question, 

here we establish PDX models from Ewing sarcoma, osteosarcoma and 

rhabdomyosarcoma patients and include available clinical data along with the PDX 

data (25). To characterize this new preclinical platform, we address whether PDX 

tumors retained the main histologic, genomic and functional properties of patient 

tumors during successive passages in mice. Sample characterization includes 

histopathology markers, chromosomal profiles (copy number alteration; CNA) and 

preclinical treatment assays (efficacy of irinotecan). 

 

1.2. Materials and methods 
1.2.1. Xenotransplantation of patient samples 

The appropriate Institutional Review Board approved the research protocol 

associated with this project (M-1608-C). Patients or their legal guardians signed 

informed consent at Sant Joan de Déu Hospital (SJD, Barcelona, Spain). Clinical 

information parameters obtained from patients are listed in supplementary material, 

Table S1. Patients were biopsied using either a surgical procedure (open surgery or 

minimally invasive surgery) or percutaneous tissue core biopsy with a Tru-Cut 
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needle. Biopsies were used fresh or were cryopreserved. For the cryopreservation 

process, tissues were minced as 2 x 2 x 1 mm pieces with a scalpel on sterile petri 

dishes. Three to four of these pieces were added to 2 mL cryogenic vials (Corning, 

Glendale, AZ, USA) containing 1.5 mL of inactivated fetal bovine serum with 10% 

dimethyl sulfoxide (Life Technologies, Grand Island, NY, USA). Vials were stored 

overnight in a freezing container (Cool Cell, Corning) at -80 ºC, and then transferred 

to liquid nitrogen for long-term storage. 

 

Work with mice adhered to the European regulations and was approved by the 

animal experimental ethics committee at the Universitat de Barcelona (animal 

protocol numbers 135/11 and 134/18). Briefly, we implanted patient tumor biopsies 

(freshly excised or cryopreserved) subcutaneously in 4-6 week-old female NOD-

SCID mice (Envigo, Barcelona, Spain), as previously described (26). Tumors 

engrafting successfully were named F0 generation. When tumor volume achieved 

1000-1500 mm3, we performed passage of freshly excised tissue to athymic nude 

mice (Envigo). We used NOD-SCID mice for the passage of specific 

rhabdomyosarcoma models. We named subsequent generations with the number 

of the passage (e.g. F1 was the first filial generation after initial F0 engraftment). 

Information parameters obtained from successfully engrafted PDX models are listed 

in supplementary material, Table S2. 

 

To interrogate whether clinical parameters of the patient disease, including the 

sample collection method (surgical biopsy versus Tru-Cut needle), correlated with 

the likelihood of successful PDX engraftment, we used mixed effects logistic 

regression analysis and calculated the odds ratios and their corresponding 95% 

confidence intervals (CI). To dichotomize age, we computed an optimum threshold 

by maximizing the Youden index using negative or positive engraftment (27). 

 

1.2.2. Analysis of fusion genes 

We amplified Ewing sarcoma fusion gene types EWSR1-ERG and EWSR1-FLI1, 

and rhabdomyosarcoma fusion genes PAX3-FKHR and PAX7-FKHR with the 

polymerase chain reaction (PCR). The sequences of the primers were EWSR1 

forward, 5'- TCCTACAGCCAAGCTCCAAGTC -3'; FLI1 reverse, 5'- 

GTGTCAGGCATGGAGGATGGA -3'; ERG reverse, 5'- 

GAGAAGGCATATGGCTGGTGG -3'; PAX3 forward, 5’- 

AGGCATGGATTTTCCAGCTATA -3’; PAX7 forward, 5’- 

TCTGCCTACGGAGCCCG -3’; and FKHR reverse, 5’- 

GGGACAGATTATGACGAATTGAATT -3’. Ewing sarcoma fusion genes were 

detected in agarose gels, while rhabdomyosarcoma fusion genes were quantified 

with a real time quantitative PCR technique, using the probe FAM-5’- 

CCGGTCAGCAACGGCCTGTCT -3’.  



EXPERIMENTAL WORK 

- 65 - 

1.2.3. Histopathology 

During the process of PDX establishment, the original patient tumors and PDX 

models at different passages must be characterized and compared (16). First, we 

compared histology on hematoxylin and eosin (H&E) staining, and the expression 

of tumor-related proteins in the patient tumor biopsies and derived PDX tumors. To 

analyze whether protein expression (detected by immunostaining) changed upon 

successive mouse-to-mouse transplantation, we studied PDX tissues at three 

different filial generations: F0, as the first generation in mice, and F2 and F5, as 

early and late successive passages in mice. Tissues were fixed overnight in 

buffered formalin and embedded in paraffin. To stain human tumor cells in 

engrafted tumor tissues we used anti-human nuclei primary antibody (1:200, 

MAB4383, Merck Millipore, Burlington, MA, USA). To detect proliferating cells we 

used anti-Ki67 antibody (1:200, ACK02, Leica Biosystems, Wetzlar, Germany). We 

stained proteins highly expressed by specific tumor types, such as CD99 for Ewing 

sarcoma (1:20, NCL-L-CD99-187, Leica Biosystems), MyoD1 for 

rhabdomyosarcoma (1:20, M3512 Agilent Technologies, Santa Clara, CA, USA), 

and the secreted protein acidic and rich in cystein (SPARC) for osteosarcoma 

(1:80, 35-5500, Invitrogen, Carlsbad, CA, USA). 

 

1.2.4. PDX growth 

We measured tumor growth rate as the time needed to achieve the experimental 

endpoint, i.e. tumor volume of 1500 mm3. Tumor volume was calculated as (length 

x width2)/2, length being the longitudinal diameter and width the transverse 

diameter of the subcutaneous tumor. 

 

1.2.5. Analysis of copy number alterations (CNAs) 

We compared the CNA profiles of tumor biopsies and PDX tissue at generations F2 

and F5. We performed whole genome analysis using the high-density array 

CytoScan® HD platform (Affymetrix, Thermo Fisher Scientific, Waltham, MA, USA) 

as previously described (10). Total DNA from frozen samples was digested, ligated, 

PCR-amplified and purified, fragmented, biotin-labeled, and hybridized according to 

manufacturer’s instructions. We analyzed the CytoScan® HD Array data with the 

Chromosome Analysis Suite (ChAS) software (Affymetrix, Thermo Fisher 

Scientific). 

 

1.2.6. Irinotecan activity in vivo 

We used 20 of the new PDX models to evaluate the activity of irinotecan, as a 

model drug with established activity against pediatric solid tumors including 

sarcomas (10,28,29). We reasoned that if the PDXs were truly representative of the 

patients’ diseases, they would likely respond to this drug and such response should 

remain stable over successive PDX generations. Among the patients from which 
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these PDX models were established, 11 Ewing sarcoma PDXs resulted from eight 

patients who received irinotecan as part of their rescue treatment (combined with 

temozolomide, with or without additional vincristine or trabectedin); seven 

rhabdomyosarcoma PDXs derived from six patients who received irinotecan as part 

of the upfront treatment of the primary tumor (either alone or combined with 

carboplatin or vincristine); and two osteosarcoma PDXs derived from two patients 

who did not receive irinotecan. To compare responses to treatment of patients and 

PDXs, we selected newly diagnosed patients treated with irinotecan as upfront 

treatment and with available PDX models from their primary tumor. We evaluated 

treatment response in such patients using the responsive evaluation criteria in solid 

tumors (RECIST) protocol or the metabolic tumor volume (MTV). 

 

For all efficacy studies in mice, we inserted freshly excised PDX tumors (obtained 

from one mouse of the immediate earlier generation) in both flanks of athymic nude 

or Nod-Scid mice. Upon engraftment (tumor volumes ranging 100-500 mm3), mice 

were distributed to control or treatment groups, with care that tumor volume means 

and standard deviations (STDEV) in both groups were similar. Treatment groups 

received one cycle of 10 mg/kg/day irinotecan (Hospira, Lake City, IL, USA) in a 5-

day-on-2-off regimen, intraperitoneal, for two consecutive weeks, as previously 

described (30). Control groups received saline using the same regimen as treated 

groups. Tumor volume was measured three times a week, until day 14, in which 

response to treatment was evaluated as previously described (10). We defined 

complete response (CR) as tumor mass < 50 mm3 and > 50% reduction at the end 

of treatment (day 14); partial response (PR) as tumor volume regression ≥ 50% at 

day 14 but tumor volume ≥ 50 mm3; stable disease (SD) as < 50% regression and ≤ 

25% increase in initial volume at day 14; and progressive disease (PD) as < 50% 

regression from initial volume and > 25% increase in initial volume at day 14. 

 

To address whether the response to the drug changed upon consecutive passages 

of the PDX in mice, in three of the models we evaluated the response to irinotecan 

of different filial generations, one early after initial engraftment (F ≤ 2) and the 

second one later (F ≥ 6). After one cycle of irinotecan, we followed up all animals 

weekly until tumor regrowth to endpoint (1500 mm3) or day 100, to build Kaplan-

Meier curves and estimate median survival times. We used the log-rank test to 

compare survival curves between treatments and between different generations 

from the same PDX model. 

 

1.2.7. Prognostic value of positive tumor engraftment 

The main purpose of this work was to address whether successful engraftment in 

mice of tumor biopsies of newly diagnosed or relapsed Ewing sarcoma, 

rhabdomyosarcoma and osteosarcoma patients had a prognostic effect on overall 

survival (OS) and event-free survival (EFS) of these patients.  
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To assess the prognostic effect of successful PDX engraftment on EFS and OS of 

the biopsied children, we used Cox models with a robust sandwich variance 

estimator to account for the correlation of the data. We calculated hazard ratios 

(HR) and their corresponding 95% CI. We determined median EFS and OS with the 

Kaplan-Meier method. For each patient, we calculated EFS as the time from biopsy 

until date of patient recurrence, death or last follow up, and OS as the time from 

biopsy until patient’s death or last follow up. 

 

To address whether PDX engraftment of primary tumors predicted prognosis of 

patients classified as “standard risk” according to clinical methods, Ewing sarcoma 

patients whose biopsies were obtained at initial diagnosis (diagnostic cohort) were 

divided into two groups, standard risk and high risk, according to their risk 

stratification following the clinical trial GEIS21 (5). For each of such patient groups, 

we studied the association between the variables PDX engraftment and relapse, 

using the Fisher exact test. 

 

1.2.8. Statistics 

We performed statistical analyses using GraphPad Prism 8 software (La Jolla, CA, 

USA) and R software version 3.5.2 (Vienna, Austria). 

 

1.3. Results 

1.3.1. Patients 

We included in this study 51 children, 37 males and 14 females, with newly 

diagnosed or relapsed Ewing sarcoma (N = 31), osteosarcoma (N = 10) or 

rhabdomyosarcoma (N = 10, five each embryonal and alveolar), from November 

2010 to November 2019. Median age at inclusion was 11.4 years (range 0.52 – 

17.9). Most patients (73%) were non-metastatic at diagnosis. Details on tumor 

types, fusion genes, anatomic location of primary tumors, risk stratification, and 

presence of metastases are in supplementary material, Tables S3 (Ewing 

sarcoma), S4 (osteosarcoma) and S5 (rhabdomyosarcoma). 

1.3.2. Biopsies and PDXs 

We obtained 68 biopsy samples. Engraftment outcomes of individual patient 

samples are in supplementary material, Table S6. Forty-one tumor samples were 

Ewing sarcoma, 12 osteosarcoma and 15 rhabdomyosarcoma. In total, 44% 

samples engrafted efficiently in mice, with engraftment rates for each tumor type 

shown in Table 1. Age older than 12 years and relapse were factors associated with 

increased engraftment rate when pooling all diseases together (Table 1). Tumor 

type, biopsy location and presence of metastases at diagnosis were not associated 

with engraftment rate. Procedural factors such as sample conservation (freshly 

excised or cryopreserved) and application of Matrigel to the sample inserted in the 
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mice did not affect engraftment rate. Biopsies obtained by surgery or by the Tru-Cut 

method engrafted with a similar success rate (supplemental material, Table S7). 

 

Fifteen of 51 patients had two or more biopsies included in this study. Nine of them 

produced two stable PDXs. We studied whether the engraftment of a first biopsy 

from one patient predicted engraftment of successive biopsies of the same patient 

at more advanced stages of the disease. We found that nine out of 11 of such 

second biopsies engrafted after a first biopsy with positive PDX engraftment, but 

the association between first and second engraftments was not statistically 

significant, likely due to the low number of cases in the study (supplemental 

material, Table S8). 

 

Because Ewing sarcoma patients were predominant in the study cohort, we also 

analyzed their data separately. We found that age older than 12 years old was not 

determinant in this separate analysis, while relapse and the presence of 

metastases at diagnosis were significantly associated to engraftment (supplemental 

material, Table S9). 

 

1.3.3. Comparative histopathology of patient tumors and PDX samples 

Histopathology of the tumors and expression of tumor markers CD99, SPARC and 

MyoD1 did not change significantly upon successive mouse-to-mouse passaging in 

12 PDX models studied by IHC (Figure 1). The typical small-blue-round-cell tumor 

and histologic architecture of the original biopsies remained preserved in Ewing 

sarcoma xenografts at early and late passages. Stroma around Ewing sarcoma and 

rhabdomyosarcoma tumor cells, and osteoid in osteosarcoma tumors, did not 

change significantly upon engraftment. Anti-human nuclear antigen staining was 

positive in all samples (supplementary material, Figure S1). Tumor anatomy and 

histology markers were similar in PDX pairs established from the same patients 

(supplemental material, Figure S2). 

1.3.4. Tumor growth rate 

The number of proliferating cells (% of Ki67-positive nuclei by IHC; representative 

images in supplementary material, Figure S3A and quantification in supplementary 

material, Figure S3B) in patient biopsies was 54% ± 26% (mean and STDEV of N = 

12 cases). Their corresponding PDX samples at passage F0 showed a lower 

number of stained cells (37% ± 19%). PDX tumors at generations higher than F0 

showed increasing number of Ki67-positive cells (40% ± 23% at F2 and 44% ± 21% 

at F5; supplementary material, Figure S3B). Although the differences in Ki67 

staining were not statistically significant, tumors at F5 achieved endpoint 

significantly faster (53 ± 21 days; mean ± STDEV of N = 20 cases) than at the 

earlier stage F2 (92 ± 47 days; supplementary material, Figure S3C). 
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Table 1. Association of patient factors with engraftment 

Factor No. of 
Samples 

% Engrafted No. of 
Engrafted 

Odds ratio (95% CI) P 

Age, years      
< 12 36 30.6 11   
≥ 12 32 59.4 19 3.88 (1.1 – 14.3) 0.042 

Tumor type      
All 68 44.1 30   
Ewing sarcoma 41 41.5 17   
Osteosarcoma 12 41.7 5 0.99 (0.2 – 5.6)a  
Rhabdomyosarcoma 15 53.3 8 1.97 (0.4 – 10.7)a 0.69 
   Alveolar  9 66.7 6   
   Embryonal 6 33.3 2   

Timing of surgery      
Diagnosis 31 22.6 7   
Relapse 37 62.2 23 15.4 (1.3 to 182.8) 0.031 

Biopsy origin      
Limbs 22 31.8 7   
Head and neck 14 64.3 9 21.1 (0.04 – 11056.5)b  
Chest wall and ribs 7 42.9 3 3.4 (0.05 – 215.9)b  
Lung or pleura 13 61.5 8 15 (0.07 – 3075.8)b  
Pelvic bones 3 33.3 1 1.2 (0.01 – 134.4)b 0.17 
Muscle 2 100 2 *  
Teste 1 0 0 *  
Vertebral spine 6 0 0 *  

Metastasis at diagnosis      
No 48 37.5 18   
Yes 20 60.0 12 3.62 (0.64 – 20.50) 0.15 

*Excluded from statistical analysis in biopsy of origin for lacking an event in No. of engrafted or in No. of non engrafted.  
a
Compared to Ewing sarcoma. 

bCompared to limbs.
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Figure 1. Comparative histology (H&E and IHC staining) of six representative cases of original 

human tumor biopsies and the corresponding patient-derived xenografts (PDX) at early passages 

(F0/F2) and late passage (F5). CD99 (cell membrane), SPARC (cytoplasm) and MyoD1 (nuclear) 

are stained in brown. These representative samples were selected from six Ewing sarcomas, three 

osteosarcomas and three rhabdomyosarcomas with complete histopathology studies. All images 

were obtained using a microscope at 40x objective magnification. Scale bar represents 50 µm. 

 

1.3.5. CNA in patient biopsies and corresponding PDXs 

We selected one Ewing sarcoma tumor with low CNA alterations, and one 

rhabdomyosarcoma with highly aberrant chromosomic profile for CNA analyses. 

Karyotype alterations of Ewing sarcoma (HSJD-ES-012) were equivalent for patient 

tumor and PDX models at F2 and F5 (10). Ewing sarcoma CNA included a copy-

neutral loss of heterogeneity (cnLOH) in chromosome 3p and 20q as previously 

reported (10) (supplementary material, Figure S4). For rhabdomyosarcoma (HSJD-

RMS-4), both PDX models, F2 and F5, shared 90% of the alterations observed in 

the patient tumor. Chromosomal aberrations shared by the biopsy and the PDX 

included whole gains in one or two copies of chromosomes 2, 3, 4, 6, 10, 11, 12, 

14, 16, 17, 18, 19, 20, 21 and X; partial gain in chromosomes 1, 7, 9 and 13; and 

whole chromosome loss in chromosome 15. Non-equivalent alterations among 

biopsy and PDX included gain of two copies of chromosomes 5, 8 and 22 in the 

tumor biopsy, and partial gains of chromosome 5 and 22 and one copy gain of 

chromosome 8 in both PDX models (supplementary material, Figure S4).  
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1.3.6. Antitumor activity of irinotecan in subcutaneous PDXs 

All PDX models (see identification and clinical details in supplementary material, 

Table S10) had a measurable response after one cycle of irinotecan (Figure 2A and 

supplementary material, Table S11). We found that nine of 20 models (45%) 

achieved CR to treatment and all achieved at least SD (Figure 2B). 

 

We compared responses to treatment of patient and PDX of four newly diagnosed 

rhabdomyosarcoma patients receiving upfront irinotecan, three combined with 

carboplatin, and one with vincristine (supplementary material, Table S12). The 

three patients treated with irinotecan plus carboplatin achieved the same response 

to treatment as their corresponding PDX models (HSJD-aRMS-7, PR; HSJD-

aRMS-10, PR; and HSJD-RMS-11, CR) to irinotecan. The patient treated with 

irinotecan plus vincristine achieved a lower degree of response (SD) compared to 

the corresponding PDX (HSJD-RMS-9, CR). 

 

In the PDX models for which irinotecan activity was evaluated at two different filial 

generations, both tumors at passage F ≥ 6 and F ≤ 2 showed similar responses to 

irinotecan (Figure 2C). Upon treatment cessation, the PDXs grew similarly, even 

those that achieved a complete response, and achieved similar median survivals 

until endpoint (supplementary material, Table S13). 

Figure 2. Antitumor activity of irinotecan in subcutaneous PDX. (A) Change in tumor volume (mean 

and STDEV of 3-15 tumors) at the end of irinotecan treatment (day 14). (B) Percentage of tumor 

models achieving each response. CR, complete response; PR, partial response; SD, stable disease. 

(C) Tumor volume (% of volume at treatment start) in three PDX pairs at passage F ≤ 2 or F ≥ 6, 

treated with one cycle of irinotecan (Treatment) or not treated (Control). Models and F were HSJD-

ES-009 (F2 vs F6), HSJD-ES-017 (F1 vs F8) and HSJD-aRMS-2 (F2 vs F10).  
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1.3.7. Prognostic value of positive PDX engraftment in mice 

Patients included in the analysis had a median follow up of 21.2 months (range 2.40 

– 101 months). Figure 3 shows the outcome of the study cohort according to 

engraftment in mice. Median EFS for patients with positive engraftment (7.56 

months) was significantly shorter than that of patients with negative engraftment 

(22.4 months; P = 0.00021; HR 3.34; 95% CI: 1.77 to 6.31; Figure 3A). Similarly, 

median OS was shorter for patients with positive engraftment (19.9 months) 

compared to that of patients with negative engraftment (42.5 months; P = 0.0069; 

HR 2.51; 95% CI: 1.29 to 4.89; Figure 3B). 

Figure 3. Kaplan-Meier estimation of (A) event-free survival and (B) overall survival among all 

patients with positive (n = 30) or negative (n = 38) engraftment of their PDX. 

 

Because relapse was associated with increased engraftment rate, we stratified 

patients into those whose samples were obtained at initial diagnosis (diagnostic 

cohort) and at relapse (relapse cohort). We further separated each cohort according 

to positive and negative engraftment. In the diagnostic cohort, positive engraftment 

associated with shorter median EFS (20.6 months). In contrast, median EFS was 

not reached for negative engraftment (P = 0.040; HR 2.87; 95% CI: 1.05 to 7.85; 

Figure 4A). In this cohort, patients with positive engraftment also had shorter 

median OS (34.2 months), although not statistically significant compared to patients 

with negative engraftment (P = 0.19; HR 2.06; 95% CI: 0.70 to 6.0; Figure 4B). 

 

Figure 4. Kaplan-Meier estimation of (A) event-free survival and (B) overall survival among patients 

of the diagnostic cohort with positive (n = 7) or negative (n = 24) engraftment of their PDX.  
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In the relapse cohort, we did not find a significant association of positive and 

negative engraftment with median EFS of 4.56 and 12.2 months, respectively (P = 

0.17; HR 1.70; 95% CI: 0.80 to 3.63; Figure 5A) and OS of 16.7 and 25.7 months, 

respectively (P = 0.30; HR 1.51; 95% CI: 0.69 to 3.32; Figure 5B). 

Figure 5. Kaplan-Meier estimation of (A) event-free survival and (B) overall survival among patients 

of the relapse cohort with positive (n = 23) or negative (n = 14) engraftment of their PDX. 

 

We studied 18 newly diagnosed Ewing sarcoma patients, seven of which were 

standard risk, and 11 high risk, with follow up times of 15.5 to 101 months. Two out 

of the seven patients classified as standard risk relapsed and eventually died of 

disease. Biopsies from these two patients successfully established PDXs in mice, 

while biopsies from the remaining five standard risk patients did not. In fact, we 

found that positive PDX engraftment predicted relapse of patients classified as 

standard risk (P = 0.0357; Fisher exact test). Among the 11 newly diagnosed Ewing 

sarcoma patients classified as high risk, two established PDX models. Both patients 

relapsed or were refractory to treatment, and eventually died of disease. Among the 

remaining nine high risk patients, for whom PDX engraftment was unsuccessful, 

another two relapsed. The association of positive PDX engraftment and relapse 

was not significant in these high risk patients (P = 0.1091). 

 

1.4. Discussion 

PDXs are powerful tools for cancer biology and precision cancer medicine studies, 

and may be useful to predict patient prognosis (17). Determination of prognosis is 

especially relevant in pediatric patients, 80% of whom will survive cancer and reach 

adulthood (31). Identification of prognostic factors for these children helps select 

appropriate treatment for their disease, ensuring maximum clinical benefit along 

with minimum long-term toxicity (32). In the current study, we show that positive 

engraftment of tumor biopsies in mice is a prognostic factor related to poorer EFS 

for newly diagnosed pediatric patients with the most frequent bone or soft tissue 

sarcomas. 

 

All patients in the diagnostic cohort whose samples engrafted in mice relapsed and 

died of their disease while we were performing this study. This discovery might be 

especially relevant for newly diagnosed Ewing sarcoma patients, because PDX 
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engraftment predicted relapse in patients otherwise classified as standard risk at 

diagnosis. Thus, our results suggest that PDX engraftment might help unveil 

patients at higher risk and stratify them accordingly. 

 

The engraftment rate calculated in this study, 44%, is similar to previous studies of 

pediatric solid malignancies both for primary and relapsed tumors (23,33,34). 

Patient determinants favoring tumor biopsy engraftment in mice are not yet clear. 

We show here that age older than 12 years, or relapsed disease, correlate highly 

with pediatric sarcoma biopsy engraftment. Age and relapsed disease are also 

determining factors for engraftment of other tumors such as lung adenocarcinoma 

and hepatoblastoma (15,35). In adult patients, advanced disease stage increases 

the likelihood of PDX engraftment from patients with lung cancer (36). Also in adult 

patients, tumor mutations, such as in EGFR, BRCA1/BRCA2 and SMAD4 genes 

decrease engraftment rates in adenocarcinoma, breast cancer and pancreatic 

cancer, respectively (14,15,18). 

 

Other studies have evaluated some of the technical factors addressed in our study, 

such as sample conservation. In agreement with our results, cryopreserved 

pancreatic cancer biopsies engrafted efficiently in mice (37). We did not evaluate 

“engraftment site” as a factor, but the orthotopic site is especially relevant to 

reproduce the complex microenvironment necessary for the growth of central 

nervous system tumors (38-40), and could facilitate and accelerate tumor 

implantation and recapitulate patient tumor characteristics (41,42). However, our 

selection of the subcutaneous site is justified by its advantages of offering a simple 

and fast surgical procedure and easier follow up of the mice, as it does not require 

imaging systems to visualize tumor site implantation (13). 

 

Interestingly, we found that the Tru-Cut technique, a less invasive method than the 

surgical collection of tumor samples, was successful for the purpose of PDX 

establishment, and resulted in more rapid patient recovery (43). Patients for whom 

surgery would constitute an excessive risk or associated morbidity, such as 

relapsed patients with advanced disease, are more suitable for the Tru-Cut method. 

On the other hand, the Tru-Cut method is at a disadvantage, due to its resulting 

smaller sample size and tumor heterogeneity and necrosis in some tumor areas; 

therefore, the Tru-Cut technique actually can result in greater challenges to 

pathologists and cancer biologists. 

 

Our studies confirm the similarities of histology and genetics of the PDX and the 

original biopsy, consistent with previous data showing that CNA variations in patient 

biopsies were conserved in tumor xenografts of breast cancer and neuroblastoma 

(17,44). It was not within the scope of our project to perform a comprehensive 

comparison of paired PDX models coming from the same patient. In a previous 

study, we compared systematically Ewing sarcoma PDX pairs obtained from the 
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same patients, finding functional differences among them that we attributed to 

patient treatments (10). 

 

Other studies have shown changes in tumor architecture and chromosomal stability 

during successive passages over time that could differ from those arising in patients 

(13,45). Breast cancer tumors and their corresponding xenografts share mostly all 

single nucleotide variations, with the exception of some clusters that are dominant 

in the PDX but not in the tumor patients (17). These results, among others, suggest 

that there exists clonal selection during xenograft establishment (21,46,47). It is 

therefore not clear whether such alterations affect the capacity of the PDX to 

represent the original patient biopsy from the functional perspective, such as 

response to treatment. Our studies of irinotecan activity in PDX models at different 

stages of their engraftment partially addressed this question. We confirmed the 

stability of our models during successive engraftments and their ability to replicate 

patient response to treatment at the preclinical dosage of 10 mg/kg using the 

protracted dosing schedule (30). It is likely that this dosage provides a higher SN-38 

systemic exposure than the one achievable in humans, due to the better conversion 

of the prodrug irinotecan in mice (48), which could explain the different response to 

irinotecan found between the PDX and one of our patients. Nevertheless, our data 

support that PDX might predict clinical efficacy of personalized medicine while 

keeping stable tumor architecture and heterogeneity (11-13). Performing drug 

efficacy studies using the PDX models could aid in the design of personalized 

therapies for our patients. The main limiting factor is the lag time between the 

necessary time for the biopsy to engraft (9 – 17 weeks, according to our 

experience) and the time-critical needs of the patients. Disease progression is 

usually faster than the time needed to engraft and expand tumors, and not all 

patients can benefit from this approach. According to our experience, we need at 

least 28 weeks to obtain preclinical results for candidate individualized treatments. 

This number is obtained by adding the median times to achieve engraftment of the 

F0 generation (13 weeks; range 9-17 weeks), median times for expanding the F1 

generation in a sufficient number of mice to start candidate treatments (13 weeks; 

range 6-20 weeks) and times to treat and evaluate treatment activity (2 weeks 

typically). Although personalized treatments were not within the scope of our work, 

in our cohort approximately 50% (13) patients with associated stable PDX 

progressed later than 28 weeks after biopsy, and could have obtained a theoretical 

benefit from preclinical assays using their PDX. 

 

In conclusion, our study suggests that PDX engraftment at the time of patient 

diagnosis helps to identify aggressive pediatric sarcoma tumors with poorer 

prognosis, predicting disease progression. Such PDX models stably represent 

patient disease, both morphologically and functionally. Whether this systematic 

study of the PDXs from our patients has future clinical implications for personalized 

medicine, patient risk classification and intensification of treatments should now be 

addressed in prospective clinical trials.  
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1.8. Supplementary material 

Figure S1. Staining of human cells (human nuclei, in brown) in six representative cases of 

xenografts at early (F0/F2) and late passages (F5). These representative samples were selected 

among six Ewing sarcoma, three osteosarcoma and three rhabdomyosarcoma with complete 

histopathology studies. All images were obtained using a microscope with a 20x objective. Scale bar 

represents 50 µm.  
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Figure S2. Comparative histology (H&E and MyoD1 staining) of two PDX derived from the same 

rhabdomyosarcoma patient at relapse (HSJD-RMS-3) and necropsy (HSJD-RMS-4). MyoD1 

(nuclear) is stained in brown. All images were obtained using a microscope at 40x. Scale bar 

represents 25 µm.  
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Figure S3. Analysis of cell proliferation in human tumor biopsies and their corresponding PDXs. (A) 

Ki67 histology staining in patient tumor and three PDX generations (F0, F2 and F5) in six 

representative cases. All images were obtained using a microscope at 40x. Scale bar represents 25 

µm. (B) Quantification of Ki67 positive cells (%). These samples were selected among six Ewing 

sarcoma, three osteosarcoma and three rhabdomyosarcoma with complete histopathology studies. 

Each point represents the mean of ten slides per tumor and generation. (C) Time in days of tumor 

growth at F2 and F5 to achieve 1500 mm
3
. *P = 0.0042, paired t test, F2 vs F5.  
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Figure S4. Whole genome visualization of the chromosomal profiles of patients with Ewing sarcoma 

(model named HSJD-ES-012) and rhabdomyosarcoma (HSJD-RMS-4) and their matched PDX 

models at generations F2 and F5. The log2 copy number track and the smooth signal indicate the 

segmental and copy number aberrations observed in the samples. Each column represents a 

different chromosome.  
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Table S1. Clinical data of patients with Ewing sarcoma, osteosarcoma and rhabdomyosarcoma 

Data type Description Entry (example) 

Patient clinical 
information 

Patient ID ES-009 

 Gender Male 
 Age 12.5 years old 
 Diagnosis Ewing sarcoma 
 Relapse, dead or last follow up 

date 
20/10/2010 

 Previous treatment GEIS21 
 Treatment response Complete (RECIST protocol) 
Tumor 
information 

Tumor ID B20-01234 

 Biopsy date 01/01/2020 
 Primary tumor tissue of origin Chest wall and ribs 
 Timing of surgery Relapse 
 Tissue histology H&E and IHC panel 
 Molecular tissue analysis Fusion gene EWSR1-FLI1 
 Sample collection method Tru-Cut needle 
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Table S2. Data from patient derived-xenografts (PDX) established from patients with Ewing 

sarcoma, osteosarcoma and rhabdomyosarcoma 

Data type Description Entry (example) 

Xenograft 
establishment 

PDX ID HSJD-ES-009 

 Mouse strain (source) NOD-SCID (Envigo) 
 Sample conservation Freshly excised 
 Inoculation type and site Subcutaneous; both flanks 
 Use of Matrigel No 
 Engraftment time 4.2 months 
Tumor analysis Tumor characterization 

technology 
Histology and IHC panel 

 Anti-human nuclei staining Positive 
Model study Passage F0 
 Treatment 1 Irinotecan 10 mg/kg/day; 5-

day-on-2-off 
 Response to treatment 1 CR 
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Table S3. Clinical information from patients with Ewing sarcoma (N = 31; median age 12.3 years; 

range 0.52 – 17.9 years) 

Factor No. of 
Patients 

%  

Gender   
Female 8 25.8 
Male 23 74.2 

Fusion gene type    
EWSR1-ERG 2 6.5 
EWSR1-FLI1 29 93.5 

Primary tumor   
Chest wall and ribs 6 19.4 
Limbs 12 38.7 
Pelvic bones 6 19.4 
Vertebral spine 7 22.6 

Metastasis at diagnosis   
No 23 74.2 
Yes 8 25.8 

Risk stratification of newly 
diagnosed patients1 

  

Standard 7 38.9 
High 11 61.1 

1
Of the 31 patients included in this study, 18 were included at disease diagnosis. For such patients, 

we applied the risk stratification protocol published in reference [5]. 
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Table S4. Clinical information from patients with osteosarcoma (N = 10; median age 11.1 years; 

range 5.67 – 14.7 years) 

Factor No. of 
Samples 

%  

Gender   
Female 3 30 
Male 7 70 

Primary tumor   
Limbs 10 100 

Metastasis at diagnosis   
No 8 80 
Yes 2 20 
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Table S5. Clinical information from patients with rhabdomyosarcoma (N = 10; median age 9.7 years; 

range 4.03 – 15.4 years) 

Factor No. of 
Samples 

%  

Gender   
Female 3 30 
Male 7 70 

Tumor type    
Alveolar (aRMS) 5 50 
Embryonal (eRMS) 5 50 

Fusion gene type   
Absent 5 50 
PAX3-FKHR 4 40 
PAX7-FKHR 1 10 

Primary tumor   
Chest wall and ribs 1 10 
Head and neck 3 30 
Limbs 3 30 
Pelvic bones 1 10 
Urogenital region 2 20 

Metastasis at diagnosis   
No 6 60 
Yes 4 40 
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Table S6. Engraftment outcomes of patient samples 

Patient Disease Biopsies 

attempted 

Biopsies 

engrafted 

PDX ID 

1 Ewing sarcoma 1 1 HSJD-ES-004 

2 Ewing sarcoma 1 1 HSJD-ES-003 

3 Osteosarcoma 1 0 None 

4 Ewing sarcoma 1 0 None 

5 Ewing sarcoma 1 0 None 

6 Rhabdomyosarcoma 2 1 HSJD-aRMS-5 

7 Ewing sarcoma 1 0 None 

8 Rhabdomyosarcoma 1 1 HSJD-aRMS-6 

9 Ewing sarcoma 2 0 None 

10 Rhabdomyosarcoma 3 2 HSJD-aRMS-1, HSJD-aRMS-2 

11 Ewing sarcoma 1 0 None 

12 Ewing sarcoma 2 0 None 

13 Ewing sarcoma 2 2 HSJD-ES-005, HSJD-ES-016 

14 Rhabdomyosarcoma 2 1 HSJD-aRMS-7 

15 Ewing sarcoma 1 0 None 
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16 Ewing sarcoma 2 2 HSJD-ES-001, HSJD-ES-007 

17 Ewing sarcoma 3 0 None 

18 Ewing sarcoma 1 0 None 

19 Rhabdomyosarcoma 1 0 None 

20 Osteosarcoma 2 1 HSJD-OS-4 

21 Ewing sarcoma 1 0 None 

22 Ewing sarcoma 1 0 None 

23 Ewing sarcoma 1 0 None 

24 Rhabdomyosarcoma 1 1 HSJD-aRMS-8 

25 Ewing sarcoma 2 2 HSJD-ES-002, HSJD-ES-006 

26 Ewing sarcoma 1 0 None 

27 Ewing sarcoma 1 0 None 

28 Ewing sarcoma 2 2 HSJD-ES-009, HSJD-ES-018 

29 Osteosarcoma 2 2 HSJD-OS-1, HSJD-OS-5 

30 Rhabdomyosarcoma 2 2 HSJD-RMS-3, HSJD-RMS-4 

31 Ewing sarcoma 1 0 None 

32 Ewing sarcoma 1 1 HSJD-ES-015 

33 Ewing sarcoma 1 0 None 
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34 Ewing sarcoma 2 2 HSJD-ES-008, HSJD-ES-012 

35 Osteosarcoma 1 0 None 

36 Ewing sarcoma 1 1 None 

37 Ewing sarcoma 2 2 HSJD-ES-013, HSJD-ES-017 

38 Ewing sarcoma 1 1 HSJD-ES-014 

39 Rhabdomyosarcoma 1 0 None 

40 Osteosarcoma 1 0 None 

41 Ewing sarcoma 1 0 None 

42 Osteosarcoma 1 1 HSJD-OS-2 

43 Ewing sarcoma 1 0 None 

44 Osteosarcoma 1 0 None 

45 Osteosarcoma 1 1 HSJD-OS-3 

46 Ewing sarcoma 1 0 None 

47 Osteosarcoma 1 0 None 

48 Osteosarcoma 1 0 None 

49 Rhabdomyosarcoma 1 0 None 

50 Rhabdomyosarcoma 1 0 None 

51 Ewing sarcoma 1 0 None 
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Table S7. Association of technical factors with engraftment 

Factor No. of 
Samples 

% Engrafted No. of 
Engrafted 

OR 
(95% CI) 

P 

Sample conservation      
Freshly excised 56 44.6 25   
Cryopreserved 12 41.7 5 1.28 (0.3 to 6.2) 0.76 

Use of Matrigel      
No 41 43.9 18   
Yes 27 44.4 12 1.13 (0.3 to 3.9) 0.84 

Biopsy method      
Tru-cut needle 32 31.2 10   
Surgery 35 57.1 20 4.05 (1-17.3) 0.059 
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Table S8. Association of previous biopsy engraftment with the engraftment of the following biopsy obtained from the same patient 

Factor No. of 
Samples 

% Engrafted No. of 
Engrafted 

OR 
(95% CI) 

P 

PDX already established 
from previous biopsy 

     

Yes 11 82 9   
No 4 25 1 13.5 (1.13 to 18) 0.0769 
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Table S9. Association of patient factors with engraftment in patients with Ewing sarcoma 

Factor No. of 
Samples 

% Engrafted No. of 
Engrafted 

Odds ratio (95% CI) P 

Age, years      
< 12 18 22.2 4   
≥ 12 23 56.5 13 4.33 (0.00 – 748.21) 0.70 

Timing of surgery      
Diagnosis 18 22.2 4   
Relapse 23 56.5 13 4.76 (4.74 to 4.78) <0.0001 

Biopsy origin      
Limbs 11 36.4 4   
Head and neck 7 71.4 5 2.44·109 (534.56 – 1.11·1016)a  
Chest wall and ribs 5 40.0 2 2.86 (9.83·10-5 – 8.29·104)a  
Lung or pleura 9 55.6 5 6.80·108 (2081.25 – 2.22·1014)a  
Pelvic bones 3 33.3 1 1.20 (4.65·10-6 – 3.10·105)a 0.52 
Muscle 0 0 0 *  
Teste 0 0 0 *  
Vertebral spine 6 0 0 *  

Metastasis at diagnosis      
No 29 31.0 9   
Yes 12 66.7 8 6.62·109 (6.59·104 – 6.65·1014) 0.00012 

*Excluded from statistical analysis in biopsy of origin for lacking an event in No. of engrafted or in No. of no engrafted. 
a
Compared to limbs.  
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Table S10. Clinical data from PDX models included in the efficacy study of irinotecan 

PDX model ID 
Disease 

stage 

Age 

(years) 

(g)a 

Primary 
Metastasis at 

diagnosis 

Previous 

treatment 
Biopsy location 

Fusion gene 

type 

HSJD-ES-001 Relapse 17.8 (M) Scapula 

Lung, skull, ribs, 

sternum, bone 

marrow 

G/Db, I/Tc, 

RTd, HIFUe Scapula 
EWSR1-FLI1 

fusion (type II) 

HSJD-ES-002 Diagnosis 12.2 (M) Fibula None None Fibula 
EWSR1-FLI1 

fusion (ex10-ex5) 

HSJD-ES-004 Relapse 18 (M) Mediastinum None 
SEHOP 

2001f 
Mediastinum 

EWSR1-FLI1 

fusion (type I) 

HSJD-ES-006 Relapse 13.5 (M) Fibula Pleura, lung 

GEIS21 

(standard 

risk)g 

Pleura 
EWSR1-FLI1 

fusion (ex10-ex5) 

HSJD-ES-008 Diagnosis 13 (M) Humerus 

Lung, pleura, lymph 

node, bone, bone 

marrow 

None Humerus 
EWSR1-FLI1 

fusion (type I) 

HSJD-ES-009 Relapse 10.7 (M) Chest None 

GEIS 21 

(standard 

risk)g 

Skull 
EWSR1-FLI1 

fusion (type II) 
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HSJD-ES-011 Relapse 13.9 (F) Ribs None 
SEHOP 

2001f, VITh 
Pleura 

EWSR1-FLI1 

fusion (type I) 

HSJD-ES-012 Relapse 14.7 (M) Humerus Skull 

GEIS21 

(high risk)i; 

I/Tc; G/Db 

Skull 
EWSR1-FLI1 

fusion (type I) 

HSJD-ES-013 Relapse 18.6 (M) Pleura None 
GEIS21 

(high risk)i Trapezius 
EWSR1-FLI1 

fusion (type I) 

HSJD-ES-015 Relapse 18.3 (M) Tibia None 

GEIS21 

(standard 

risk)g 

Lung 
EWSR1-FLI1 

fusion (type I) 

HSJD-ES-017 Diagnosis 17.9 (M) Pleura None None Pleura 
EWSR1-FLI1 

fusion (type I) 

HSJD-aRMS-1 Relapse 12.3 (M) Ribs None MSKCCj Ribs 
PAX3-FKHR 

fusion 

HSJD-aRMS-2 Relapse 14 (M) Ribs None MSKCCj Pleura 
PAX3-FKHR 

fusion 

HSJD-RMS-3 Relapse 8.3 (F) Maxillary bone Parotid gland, 

maxillary sinus, 
MSKCCj Lymph node Absent 
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orbital bone 

HSJD-aRMS-7 Diagnosis 11.1 (M) Thigh None None Thigh 
PAX7-FKHR 

fusion 

HSJD-RMS-9 Diagnosis 1.4 (M) Retroperitoneum None None Retroperitoneum Absent 

HSJD-RMS-11 Diagnosis 12.3 (M) Perianal 

Mediastinum, lung, 

retroperitoneum, 

lymph node 

None Perianal Absent 

HSJD-OS-1 Relapse 15.5 (M) Tibia None 
SEHOP-

SO-2010k Lung - 

HSJD-OS-4 Relapse 15.4 (M) Femur None 
SEHOP-

SO-2001l Thigh - 

a
g: gender. M: male; F: female. 

b
G/D: clinical protocol including gemcitabine and docetaxel as in reference (49). 

c
I/T: clinical protocol including irinotecan and temozolamide as in reference (50). 

d
RT: radiation therapy. 

e
HIFU: high intensity focused ultrasound. 

f
SEHOP 2001: clinical protocol including six cycles of VIDE chemotherapy (day 1 vincristine followed by day 1 to 3 with doxorubicin, ifosfamide and 

etoposide) as in reference (51). 
g
GEIS21 (standard risk): clinical protocol including five cycles of mP6 chemotherapy (cycles 1, 2 and 4 with cyclophosphamide, doxorubicin and vincristine; 

and cycles 3 and 5 with ifosfamide and etoposide); surgery; radiation therapy as in reference (5). 
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h
VIT: clinical protocol including vincristine, irinotecan and temozolomide as in reference (52). 

i
GEIS21 (high risk): clinical protocol including gemcitabine/docetaxel (G/D) window phase, followed by five cycles of mP6 chemotherapy; surgery; radiation 

therapy; followed by G/D maintenance therapy as in reference (5). 
j
MSKCC: clinical protocol at Memorial Sloan-Kettering Cancer Center, including two cycles of carboplatin and irinotecan window phase, followed by three 

cycles of vincristin, doxorubicin and cyclophosphamide (VAdriaC) induction therapy; radiation therapy and surgery as in reference (53). 
k
SEHOP-SO-2010: clinical protocol including two cycles of high-dose ifosfamide, methotrexate, cisplatin and doxorrubicin followed by surgery. After surgery, 

liposomal-muramyl tripeptide phosphatidyl-ethanolamine (MEPACT) followed by two cycles of doxorubicin and three cycles of high-dose ifosfamide, 

methotrexate and cisplatin as in reference (54). 
l
SEHOP-SO-2001: clinical protocol including two cycles of high-dose ifosfamide, methotrexate, cisplatin and doxorrubicin followed by surgery. Post-surgery 

treatment consisted in two cycles of doxorubicin and three cycles of high-dose ifosfamide, methotrexate and cisplatin as in reference (55). 
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Table S11. PDX response to treatment with a single cycle of irinotecan 

PDX model Generation Treatment 
N 

(tumors) 
CR (%) PR (%) SD (%) PD (%) 

HSJD-ES-001 F6 Control 5 0 0 0 100 

 
 Irinotecan 6 100 0 0 0 

HSJD-ES-002 F4 Control 8 0 0 0 100 

 
 Irinotecan 6 100 0 0 0 

HSJD-ES-004 F4 Control 6 0 0 0 100 

 
 Irinotecan 7 100 0 0 0 

HSJD-ES-006 F3 Control 6 0 0 0 100 

 
 Irinotecan 6 100 0 0 0 

HSJD-ES-008 F3 Control 6 0 0 0 100 

 
 Irinotecan 6 100 0 0 0 

HSJD-ES-011 F6 Control 3 0 0 0 100 

  Irinotecan 7 0 0 100 0 

HSJD-ES-012 F4 Control 4 0 0 0 100 

  Irinotecan 5 0 0 100 0 

HSJD-ES-013 F4 Control 5 0 0 0 100 

  Irinotecan 5 100 0 0 0 

HSJD-ES-015 F4 Control 7 0 0 0 100 

  Irinotecan 7 0 28 72 0 

HSJD-aRMS-1 F10 Control 7 0 0 0 100 

  Irinotecan 7 14 72 14 0 

HSJD-RMS-3 F11 Control 6 0 0 0 100 

  Irinotecan 7 100 0 0 0 

HSJD-aRMS-7 F5 Control 4 0 0 0 100 

  Irinotecan 3 0 100 0 0 

HSJD-RMS-9a F3 Control 7 0 0 0 100 
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  Irinotecan 7 100 0 0 0 

HSJD-RMS-11a F2 Control 5 0 0 0 100 

  Irinotecan 5 100 0 0 0 

HSJD-OS-1 F4 Control 5 0 0 0 100 

  Irinotecan 9 11 33 56 0 

HSJD-OS-4 F1 Control 4 0 0 0 100 

 
 Irinotecan 3 0 0 100 0 

a
Model obtained from patient not included in the PDX engraftment study cohort 
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Table S12. Comparative response to irinotecan-based treatments of rhabdomyosarcoma patients 

and their corresponding PDX 

PDX model ID Patient Treatment Clinical 

response 

PDX response to 

irinotecan 

HSJD-aRMS-7 Irinotecan plus carboplatin PR PR 

HSJD-RMS-9 Irinotecan plus vincristine SD CR 

HSJD-aRMS-10 Irinotecan plus carboplatin PR PR 

HSJD-RMS-11 Irinotecan plus carboplatin CR CR 
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Table S13. Comparative response to irinotecan treatment and median survival of PDXs at F≤ 2 or F ≥ 6 passage 

PDX model F(x) Treatment N (tumors) CR (%) PR (%) SD (%) PD (%) Median 

survival 

(days) 

Pa 

HSJD-ES-009 F2 Control 6 0 0 0 100 16  

 
 Irinotecan 7 14 14 72 0 >30b 0.0008 

 
F6 Control 10 0 0 0 100 21  

 
 Irinotecan 9 11 22 56 11 44 <0. 0001 

HSJD-ES-017 F1 Control 8 0 0 0 100 51.5  

 
 Irinotecan 8 50 13 37 0 84 0.00014 

 
F8 Control 5 0 0 0 100 56  

  Irinotecan 7 0 72 28 0 88 0.0016 

HSJD-aRMS-2 F2 Control 3 0 0 0 100 48  

 
 Irinotecan 3 100 0 0 0 86 0.0246 

 
F10 Control 6 0 0 0 100 31  

 
 Irinotecan 6 33 67 0 0 88.5 0.0005 

a
P value, compared to control. 

b
This study was ceased at day 30.  
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Abstract 

Ewing sarcoma is a bone and soft tissue tumor predominantly affecting adolescents 

and young adults. To characterize changes in anticancer drug activity and 

intratumor drug distribution during the evolution of Ewing sarcomas, we used 

immunodeficient mice to establish pairs of patient-derived xenografts (PDX) at early 

(initial diagnosis) and late (relapse or refractory progression) stages of the disease 

from three patients. Analysis of copy number alterations (CNA) in early passage 

PDX tissues showed that two tumor pairs established from patients which 

responded initially to therapy and relapsed more than one year later displayed 

similar CNAs at early and late stages. For these two patients, PDX established from 

late tumors were more resistant to chemotherapy (irinotecan) than early 

counterparts. In contrast, the tumor pair established at refractory progression 

showed highly dissimilar CNA profiles, and the pattern of response to 

chemotherapy was discordant with those of relapsed cases. In mice receiving 

irinotecan infusions, the level of SN-38 (active metabolite of irinotecan) in the 

intracellular tumor compartment was reduced in tumors at later stages compared to 

earlier tumors for those pairs bearing similar CNAs, suggesting that distribution of 

anticancer drug shifted toward the extracellular compartment during clonal tumor 

evolution. Overexpression of the drug transporter P-glycoprotein in late tumor was 

likely responsible for this shift in drug distribution in one of the cases. 

 

Key words: intratumor drug distribution, SN-38/irinotecan, drug resistance, cancer 

evolution, tumor microdialysis, Ewing sarcoma  
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2.1.  Introduction 

Ewing sarcoma is a malignancy of the bone and soft tissue of children, adolescents 

and young adults [1]. In pediatric patients, these tumors - even those (around 50%) 

classified as high-risk (i.e., those arising in the pelvis or axial skeleton –around 30-

40%- and/or with metastases at diagnosis –around 20-30%) - respond well to first-

line intensive high-dose chemotherapy [2-4]. For instance, three cycles of high-dose 

cyclophosphamide, doxorubicin and vincristine induce greater than 90% tumor 

necrosis in approximately 70% of high-risk patients [2]. In fact, more than 90% of 

high-risk Ewing sarcoma patients achieve complete remission upon intensive 

treatment including chemotherapy, radiotherapy and surgery [2, 3]. However, more 

than 50% of patients with metastatic disease at diagnosis and 10-25% of patients 

with localized disease will relapse within five years of diagnosis [2, 4, 5]. Rescue 

pharmacotherapy regimens include camptothecins (irinotecan or topotecan) in 

combination with cyclophosphamide, temozolomide, or trabectedin [6-8], or taxane-

based regimens [9]. Although these treatments actively slow disease, most 

relapsed tumors respond poorly (or for the short term) to these anticancer drugs, 

and long term survival for these patients is poor [2, 5, 10]. 

 

The evolution of tumors toward chemoresistance is likely due to the selective 

pressure of therapies [11-13]. Tumor cells exposed to treatment might be selected 

to: (i) upregulate oncogenes and downregulate tumor suppressor genes [14]; (ii) 

alter mitochondrial function to decrease apoptosis [15]; (iii) express drug efflux 

transporters such as the ATP-binding cassette (ABC) family including ABCB1 (P-

glycoprotein/P-gp/MDR1), ABCG2 (Breast Cancer Resistance Protein/BCRP) and 

ABCC1 (Multidrug Resistance Protein 1/MRP1) [16]; (iv) undergo epithelial to 

mesenchymal transition [17]; and (v) change tumor dynamics and architecture 

(blood flow, interstitial fluid pressure, vessel distribution and phenotype, cell density 

and extracellular matrix) [18]. Some of these mechanisms, especially the 

expression of drug efflux transporters and changes in tumor dynamics and 

architecture, may lead to limited drug distribution in tumor cells, which is usually a 

neglected cause of drug resistance [19]. 

 

Whether tumor evolution produces changes in intratumoral drug pharmacokinetics 

upon intensive treatment in clinically relevant tumor models remains 

uncharacterized. Therapeutic effect is produced only if the drug can interact with its 

inner target in the tumor cell at sufficient concentration. However, there has not 

been in depth in vivo evaluation of anticancer drug distribution in the intracellular 

target and in other tumor compartments (extracellular and vascular) as it is 

technically challenging to accomplish [20, 21].  
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To study the compartmental distribution of 7-ethyl-10-hydroxycamptothecin (SN-

38), the active metabolite of irinotecan, in subcutaneous (s.c.) neuroblastoma 

patient-derived xenografts (PDX), we previously used the microdialysis-tumor 

homogenate method at the steady state (i.e., at constant drug concentration) in 

blood [22, 23]. In vivo, irinotecan requires the action of the carboxylesterases to be 

rapidly converted to SN-38 in mice. This metabolite remains active in its lactone 

form, which predominates at acidic pH and coexists with the carboxylate (inactive) 

form under a pH-dependent equilibrium [22]. Irinotecan activity is known to be 

higher in mouse tumor models than in human patients, because there is a higher 

amount of carboxilesterases in mice [24]. Also, irinotecan/SN-38 biodistribution and 

activity is restrained by the activity of ABC efflux drug transporters in normal 

organs, such as the brain, and in tumors [25]. 

 

For these studies, we established pairs of Ewing sarcoma PDX models from three 

pediatric patients. One tumor of each pair was established at diagnosis, and the 

second was obtained upon relapse or refractory disease progression. We 

compared the chromosomal profile (copy number alterations; CNA) for each pair. 

Then, we addressed whether tumor evolution under treatment pressure led to 

changes in the compartmental intratumoral distribution of SN-38 in vivo, and in ABC 

transporter expression. We hypothesized that late tumors evolve to be drug 

resistant and less susceptible to the penetration of anticancer agents. 

 

2.2. Materials and methods 

2.2.1. Establishment of paired Ewing sarcoma PDX models 

Tumor biopsies were obtained under an Institutional Review Board-approved 

protocol at Sant Joan de Déu Hospital (SJD, Barcelona, Spain). Informed consent 

was obtained from all patients. Samples were obtained from each patient at 

different stages of treatment, either at diagnosis (early), at advanced (late) relapse 

or progression refractory stage, in order to establish “early” and “late” patient-

matched PDX models. Xenografts were established s.c. in athymic nude mice 

(Envigo, Barcelona, Spain) by direct insertion of a fresh biopsy, as previously 

described [22, 26]. Research with mice adhered to European regulations and 

ARRIVE guidelines and was approved by the animal experimental Ethics 

Committee at the Universidad de Barcelona (animal protocol number 135/11). 

 

2.2.2. Comparison of paired PDX models by CNA analysis 

To study the degree of similarity of early and late tumors, we used the high-density 

array CytoScan® HD platform (Affymetrix, Thermo Fischer Scientific) which 

includes more than 2.6 million copy number variation markers (over 740,000 single-

nucleotide polymorphism markers and more than 1.9 million nonpolymorphic 

markers). Total DNA was extracted from fresh or fresh frozen tumor tissue using 

standard procedures. The wet lab procedures and hybridization steps were 
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performed according to manufacturer’s recommendations. Data analysis was 

performed using Chromosome Analysis Suite (ChAS) software (Affymetrix Thermo 

Fisher Scientific). Comparison of CNAs in early and late PDX models was 

performed as previously described (25). 

 

2.2.3. Drug activity assays 

For in vitro functional studies, we selected the active metabolite of irinotecan, SN-

38 (Carbosynth, Compton, UK), because it is potently active in preclinical Ewing 

sarcoma models [27]. The lactone form of SN-38 is a substrate of ABC transporters 

[28] and is suitable to be dialyzed from mouse tumors with intratumoral probes [22]. 

We established primary cultures of xenograft models by mechanical or enzymatic 

disaggregation of freshly excised tissue, followed by filtration of cells through a 40 

µm cell strainer (Falcon, Corning, NY, USA), as previously described [26]. The 

antiproliferative activity of SN-38 was evaluated in early passage cultures using a 

colorimetric assay with MTS tetrazolium compound [3-(4,5-dimethylthiazol-2-yl)-5-

(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium] (Promega, Fitchburg, 

WI, USA) [26]. 

 

We also exposed cells to doxorubicin and etoposide and performed similar in vitro 

experiments. These two drugs are used in the standard of care of Ewing sarcoma 

and are also substrates of ABC transporters [4].  

 

For in vivo activity studies, we used the prodrug, irinotecan, because SN-38 is not 

suitable for systemic administration due to its poor solubility. For drug efficacy 

studies, athymic nude mice were inoculated in both flanks with freshly excised 

viable fragments (10 mm3 in volume, approximately) of human PDX tumors as 

previously described [23]. When tumors grew to 100-500 mm3, they were 

randomized to control or treatment groups (n = 6-11). Treatment groups received 

one cycle of intraperitoneal 10 mg/kg/day irinotecan (Hospira, Lake City, IL, USA), 

five days per week for two consecutive weeks [(dx5)×2] [24]. Control groups 

received saline instead of irinotecan. Tumor volume was measured three times per 

week with an electronic caliper. Response to treatment was evaluated at the 

conclusion of drug treatment (day 14). Complete response (CR) was defined as 

tumor mass < 50 mm3 and > 50% reduction at the end of treatment (day 14); partial 

response (PR) was tumor volume regression ≥ 50% at day 14 but tumor volume ≥ 

50 mm3; stable disease (SD) was < 50% regression and ≤ 25% increase in initial 

volume at day 14; and progressive disease (PD) was < 50% regression from initial 

volume and > 25% increase in initial volume at day 14. 

 

2.2.4. Drug distribution assays 

We evaluated whether tumor evolution from early to late stages resulted in relative 

changes of intratumor distribution of SN-38, (lactone form) in the following 
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compartments: tumor extracellular fluid (tECF), tumor cells (intracellular) and blood 

(vascular) [20, 22]. We used the microdialysis-homogenate method [22, 29] for 

each tumor sample calculating the unbound drug volume of distribution in tumor 

(Vu,tumor; mL/g tumor) at steady state (i.e., at constant concentration) as follows: 

 

Vu,tumor =  
Atumor −Vblood x Cblood

Css,tumor
      (1) 

 

where Atumor is the concentration of SN-38 in the tumor homogenate sample (ng/g) 

at steady state, Vblood is the volume of blood in tumor at steady state (mL/g; the 

constant value for each model is calculated by erythrocyte counts in blood and 

tumor for each xenograft model), Cblood is the concentration of SN-38 in each blood 

sample (ng/mL), and Css,tumor (constant value for each PDX model) is the mean 

concentration of unbound SN-38 in tECF (ng/mL) obtained by microdialysis 

sampling at steady state [22]. For each tumor model, we report the mean Vu,tumor (± 

standard deviation, SD) of 7-18 tumors. 

 

To obtain the experimental values, we inoculated immunodeficient mice s.c. in one 

flank with freshly excised tumors from the previous generation of the xenograft and 

performed drug distribution experiments after tumors achieved at least 10 mm 

diameter. To obtain the Css,tumor value, we infused irinotecan to achieve constant 

concentrations of SN-38 in mouse tissues [22]. The overall design of microdialysis 

experiments is pictured in Fig. 1.  

Figure 1. Scheme of the microdialysis experiment at steady state. Red dots surrounding the 

microdialysis probe represent SN-38 molecules in the tECF, dialyzed through the semipermeable 

membrane. Collected dialysates contain drug molecules analyzed by an HPLC system. Figure 

created with BioRender.com.  
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Before the irinotecan infusion, mice were restrained in an infusion cage using an 

infusion harness (Instech CIH62, Plymouth Meeting, PA, USA). Under brief 

isoflurane anesthesia, we inserted a 4 mm-length CMA 20 microdialysis probe 

(CMA, Kista, Sweden) into the tumor of the restrained mouse. The probes were 

continuously perfused at 0.5 µL/min with pH 7.4 phosphate buffered saline (PBS) 

containing 10% hydroxypropyl-beta-cyclodextrin (HPBCD, Sigma-Aldrich, St. Louis, 

MO, USA) (w/v). After 90 min, mice were anesthetized with isoflurane to insert s.c. 

Alzet 2001D pumps (Durect, Palo Alto, CA), which were then used to infuse 

irinotecan at 130 µg/h for 24 h. We collected tumor dialysates (90 min fractions) 

overnight in a refrigerated fraction collector which were conserved at -80 ºC until 

High Performance Liquid Chromatography (HLPC) analysis of SN-38 lactone and 

carboxylate forms. The following day, we collected one blood sample from the 

retroorbital plexus to determine steady state concentration of SN-38 in blood (Cblood) 

by HPLC. We then individually calibrated probes using a previously described zero 

flow rate method [22]. Following HPLC analysis and recovery correction, we 

calculated the Css,tumor for each experiment as the mean of three consecutive 

dialysate samples obtained at steady state. After each microdialysis experiment, 

mice were euthanized and the tumor terminally collected to process as 

homogenate. We performed at least three microdialysis experiments of individual 

mice for each PDX model and calculated Css,tumor as the mean of the individual 

experiments. In addition to the microdialysis experiments, we collected tumor 

homogenates and blood samples at steady state from additional mice with tumors 

which were administered the same irinotecan dose infusion (3-6 mice for each 

tumor model). 

 

2.2.5. Differential expression of ATP-binding cassette (ABC) transport 

in PDX pairs 

We compared early and late pairs of PDX tissue to observe changes in the 

expression of drug efflux transporters involved in campthotecin transport [28, 30, 

31]. For gene expression analyses, we isolated total RNA from freshly excised 

engrafted tumors using TRIzol (Life Technologies, Grand Island, NY) and 

synthesized cDNA from 1 µg of total RNA using the High Capacity Reverse 

Transcription Kit (Applied Biosystems, Foster City, CA, USA). We performed real-

time quantitative polymerase chain reaction (qRT-PCR) with gene-specific 

fluorescent Taqman probes (Taqman Gene Expression Assays, Applied 

Biosystems) including probes for ABC transporter genes (ABCB1/MDR1 

(Hs00184500_m1), ABCG2 (Hs01053790_m1), ABCC1/MRP1 (Hs01561502_m1), 

ABCC2/MRP2 (Hs00166123_m1) and ABCC3/MRP3 (Hs00978473_m1); with  

TPT1 (Hs02621289-g1) as an endogenous control to normalize values, as 

described) [32]. Gene expression was determined using the 2ΔΔCt method [33]. 

Using the same method, we analyzed the expression of four genes reported to 

predict response to irinotecan: topoisomerase 1 (TOP-1, Hs00243257_m1), which 

can be decreased in irinotecan-resistant tumor cells [34]; Schlafen family member 
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11 (SLNF11, Hs00536981_m1) and retinoblastoma transcriptional corepressor 1 

(RB1, Hs01078066_m1), whose high expression and loss, respectively, relate to 

increased irinotecan activity in triple-negative breast cancers [35]; and 

carboxylesterase 2 (CES2, Hs01077945_m1), related to the intratumoral activation 

of irinotecan [36]. 

 

For protein expression studies, we performed immunohistochemistry (IHC) of 

irinotecan/SN-38 efflux transporters, MDR1 (P-gp), BCRP and MRP1, in 4-micron 

sections of formalin-fixed, paraffin-embedded (FFPE) tissues. Primary antibodies 

were anti-P-glycoprotein (EPR10363, ab170903; 1:100, Abcam, Cambridge, MA, 

USA), anti-BCRP/ABCG2 (BXP-21, ab3380; 1:50, Abcam) and anti-MRP1 

(MRPm5, ab24102; 1:20, Abcam). 

 

2.2.6. Intracellular accumulation of irinotecan in vitro 

To further characterize changes in intratumor drug distribution due to active drug 

efflux we analyzed irinotecan accumulation in PDX-derived tumor cells. We used 

the prodrug irinotecan due to poor solubility of the metabolite SN-38, whose crystals 

interfere with analyses.  

 

First, we addressed irinotecan accumulation in vitro using HPLC. We cultured early 

passage PDX-derived cells in RPMI supplemented with 10% fetal bovine serum 

(Life Technologies) until 80% confluence in six well plates. We exposed the cells to 

irinotecan (20 µM), washed them with cold PBS at time points 1 and 5 min, lysed 

them in water : methanol (20:80), isolated the supernatant by centrifugation and 

quantified irinotecan (lactone) by HPLC. Proteins were quantified using the 

bicinchoninic acid protein assay. 

 

Second, we conducted a live cell confocal imaging assay in a Leica TCS SP8 

microscope (Leica, Wetzlar, Germany) equipped with resonant scanner. We plated 

primary cultures of early and late PDX-derived tumor cells in a cell culture imaging 

dish (µ-Dish35mm,high, Ibidi GmbH, Martinsried, Germany) and cultured in RPMI 

medium for 48 h. To improve confocal imaging results, we replaced culture medium 

with Live Cell Imaging Solution (Thermo Scientific) without phenol red, and then 

stained cell membranes with Alexa Fluor 568-conjugated wheat germ agglutinin 

(WGA; 1:200 for ten min; Life Technologies). We performed all experiments at 

37 °C and 5% CO2 using an incubation chamber enclosing the microscope stage 

and body. Upon selection of a group of cells attached to the plate, irinotecan (final 

concentration 20 µM) was added directly to the dish and images were obtained at a 

7.5 s time-lapse mode over 300 s. Time-lapse imaging was performed at 405 and 

568 nm excitation and 453 and 597 nm emission wavelengths (irinotecan and 

WGA, respectively) using a water immersion objective lens (HC PL APO CS2 x40, 

1.1 numerical aperture). We observed the total area of transmitted drug 

autofluorescence inside the cells. To detect and quantify the fluorescence of 
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irinotecan passing through the cell membrane, we analyzed the mean fluorescence 

intensity signal in a representative fraction of the cell membrane at the initial time 

point and at the time of maximum signal intensity. In both scenarios, we used Leica 

LAS X software for analyses (Leica Microsystems, Wetzlar, Germany). 

 

2.2.7. Reversal of treatment-induced drug resistance in vitro 

Paired PDX tumors showing significantly increased MDR1 expression according to 

IHC and RT-qPCR analysis in the late xenograft were processed for culture, plated 

in 96 well plates and exposed to the efflux pump inhibitor elacridar (5 µM) 2 h prior 

to the addition of SN-38 at serial concentrations. After 4 h incubation, we replaced 

culture medium with fresh medium and performed the MTS assay 72 h later. 

 

2.2.8. Statistics 

We used GraphPad Prism 7 (La Jolla, CA, USA) and R software (Vienna, Austria) 

for statistical analysis and we used EC50 shift analysis to compare IC50 values. We 

used ANOVA tests to compare gene expression data. Pharmacokinetic data from 

paired early and late PDX were compared using the Student’s t test or using the 

Mann Whitney test for data with non-normal distribution. Aggregate data are 

presented as mean values ± SD. 

 

2.3. Results 

2.3.1. Paired PDX models and patient clinical exposure to irinotecan 

We established three pairs of Ewing sarcoma PDX models from biopsies obtained 

at diagnosis (early) and relapse/progressive refractory (late) stage from three 

individuals with Ewing sarcoma. Clinical data including EWSR1-FLI1 gene fusions 

are detailed in Table 1. Patients 1 and 2 achieved complete remission after 

treatment but relapsed more than one year after diagnosis, off treatment. Patient 3 

did not achieve remission and a late biopsy was obtained during refractory 

progression on treatment. Patient 2 received irinotecan (1 h intravenous infusion of 

30 mg/m2 on days 3, 4 and 5 of each cycle, combined with temozolomide infusion 

at day 1, every 21-28 days, depending on hematology recovery) during his primary 

treatment (previous to the late/relapse biopsy), with progression of the disease after 

4 cycles, which was reversed with gemcitabine and docetaxel (Table 1). Patients 1 

and 3 received similar irinotecan-temozolomide treatments after the obtention of 

their late biopsies; patient 1 progressed after 5 cycles, and patient 3 received only 

one cycle due to rapid progression. All patients eventually died of disease 

progression. 
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2.3.2. Pairwise comparison of CNAs in PDX derived from early and late 
tumor biopsies 

CNA profiles of early and late PDX pairs are shown in Fig. 2A. PDX tissues from 

patients 1 and 2 showed few CNAs in early and late versions, with most CNA 

alterations of the early PDX conserved in the paired late tumor. Both PDX from 

patient 1 presented with gains in chromosome 8 (two copies in the early PDX and 

one copy in the late PDX) and focal deletion of the CDKN2A locus on chromosome 

9p21, which are recurrent alterations in Ewing sarcoma [13]. In patient 2, the early 

PDX showed only a copy neutral loss of heterogeneity (LOH) in chromosome 3 and 

20, while the late PDX conserved such alteration with no additional changes. In 

contrast, patient 3 showed substantially different CNA profiles in both PDX models. 

While the early PDX showed important alterations in chromosomes 7, 9, 10, 12 and 

15 (involving the loss of CDKN2A locus), 80% of these alterations were not shared 

by the late PDX, which additionally showed CNAs in regions of chromosomes 8, 14 

and 17 that include loss of TP53, STAT3 and BRAC1 genes.  

 

These findings suggest that late tumors likely evolved clonally from the early tumor 

cells in patients 1 and 2, while tumors from patient 3 are of different clonal origin 

(Fig. 2B).   
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Table 1. Clinical data of the paired Ewing sarcoma PDX models. 

Patient 

(g
a
) 

Disease stage Age 

(years) 

Primary Metastasis Previous 

treatment 

Biopsy 

location 

PDX model ID PDX 

stage 

Molecular diagnosis 

1 (M) Diagnosis 12.2 Fibula None None Fibula HSJD-ES-002 Early EWSR1-FLI1 fusion 

 Relapse 13.5 No Pleura, lung GEIS21 (SR)
b
 Pleura HSJD-ES-006 Late EWSR1-FLI1 fusion 

2 (M) Diagnosis 13.0 Humerus Lung, pleura, 

lymph node, 

bone, bone 

marrow 

None Humerus HSJD-ES-008 Early EWSR1-FLI1 fusion 

 Relapse 14.7 No Skull GEIS21 (HR)
c
; 

I/T
d
; 

G/D
e 

Skull HSJD-ES-012 Late EWSR1-FLI1 fusion 

3 (M) Diagnosis 17.9 Pleura None None Pleura HSJD-ES-017 Early EWSR1-FLI1 fusion 

 Progression 

on treatment 

18.6 Pleura None GEIS21 (HR)
c 

Trapezius HSJD-ES-013 Late EWSR1-FLI1 fusion 

a
g: gender. M: male; F: female. 

b
GEIS21 (standard risk, SR): five cycles of mP6 chemotherapy (Cycles 1, 2 and 4 with cyclophosphamide, doxorubicin and vincristine; and cycles 3 and 5 

with ifosfamide and etoposide); surgery; radiation therapy [4]. 
c
GEIS21 (high risk, HR): gemcitabine/docetaxel (G/D) window phase, followed by five cycles of mP6 chemotherapy; surgery; radiation therapy; followed by 

G/D maintenance therapy [4]. 
d
I/T: irinotecan and temozolomide [6]. 

e
G/D: gemcitabine and docetaxel [9].  
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Figure 2. Chromosomal analyses of paired PDX models. A) Whole genome representation of the 

chromosomal profiles of paired early and late PDX models of patients 1, 2 and 3. Each colored 

column represents a different chromosome. Passage number in mice (F) of the analyzed early and 

late PDX were three and one (patient 1), three and four (patient 2) and one and zero (patient 3), 

respectively. B) Representation of the clonal evolution of tumors of patients 1, 2 and 3. Clonal 

prevalence (y axes) at each time point (x axes) is represented in colors. Arrows in images show the 

location of primary (early stage) and relapsed/progression refractory (late stage) tumors. Images 

displayed for patient 1 are fibula (magnetic resonance) and pleura (computed tomography scan), for 

patient 2 are humerus (computed tomography scan) and skull (magnetic resonance), and for patient 

3 are lung (magnetic resonance) and trapezius (computed tomography scan), for early and late 

stage tumors, respectively.  
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Figure 3. Activity of SN-38/irinotecan in paired PDX models. A) In vitro antiproliferative activity 

curves of SN-38 in PDX-derived cells in culture show % of MTS signal (mean and SD of six 

experimental values) compared to control untreated cells that were considered 100%. B) In vivo 

antitumor activity curves of irinotecan in PDX models (right columns) show volumes of individual 

tumors of untreated (control) or treated (irinotecan) mice. Note that mice with successful engraftment 

in both flanks produced two individual tumor curves in the graphics. Passage number in mice of the 

treated early and late PDXs were four and three (patient 1), three and four (patient 2) and one and 

four (patient 3), respectively. 

 

2.3.3. Comparison of antitumor activity of SN-38/irinotecan in patient-
matched early and late PDX models 

To evaluate whether treatment led to increased chemoresistance in the late PDX, 

we treated low passage PDX-derived cells with SN-38, and s.c. tumors engrafted in 

mice with systemic irinotecan [26] (Fig. 3A and B). For those patients achieving 

complete remission after therapy (patients 1 and 2), drug resistance in PDX-derived 

primary cells increased in later-stage tumors compared to their early counterparts. 

IC50 values of the late cells were five to ten-fold higher compared to early cells, 

increasing from 0.30 (0.15-0.45) µM to 2.00 (1.30-3.10) µM, and from 0.100 (0.050-

0.150) µM to 4.20 (2.00-11.5) µM for patients 1 and 2, respectively (means and 

95% confidence intervals; P < 0.0001, EC50 shift analysis) (Fig. 3A). Similar results 

showing higher IC50 values for the late cells were obtained for doxorubicin and 

etoposide (Fig. S1). In both PDX pairs, irinotecan treatment led to inferior tumor 

control in mice bearing the late PDX, which relapsed more rapidly upon treatment 

cessation (patient 1) or had a poorer response during treatment (patient 2) (Fig. 3B 

and Table S1). 

 

In contrast, for PDX tumors of patient 3, there was no increased resistance to the 

same treatment at late stage (Fig. 3B). IC50 values for SN-38 were similar, 

specifically 0.557 (0.359-0.941) µM (early model) and 0.637 (0.350-1.440) µM (late 
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model). Similar results showing no changes in cell drug sensitivity were obtained for 

doxorubicin and etoposide (Fig. S1). In vivo, the late PDX of patient 3 was 

significantly more sensitive to therapy than the early PDX (Fig. 3B and Table S1). 

 

2.3.4. Intratumor drug distribution in paired early and late xenografts 

At steady state, experimental values for Css,tumor (i.e., SN-38 concentrations in tECF 

samples obtained by microdialysis) were constant (Fig. S2A). These values were 

higher in late tumor samples of patients 1 and 2 than in patient-matched early tumor 

samples (Fig. S2A). The ratio of lactone-to-carboxylate SN-38 concentrations in 

tECF was higher in late tumors of patient 2, compared to patient-matched early 

pairs (Fig S2B). We analyzed tECF data, together with SN-38 concentrations in 

blood samples and tumor homogenates at steady state, to calculate Vu,tumor for each 

PDX model (Table 2). High values for Vu,tumor indicate high distribution of the drug in 

the intracellular compartment of the tumor (or nonspecifically bound to tumor tissue 

components), whereas low values suggest that the drug is predominantly 

distributed in the extracellular space [20]. As reported in Table 2, we observed 

significantly lower Vu,tumor values in late PDX from paired tumors of patients 1 and 2 

compared to early ones. Thus, at earlier stages during treatment, a greater 

proportion of SN-38 was intracellular rather than unbound in tECF. For patient 3, 

whose tumor was refractory to initial treatment, we did not observe the same shift in 

compartmental distribution of the drug, and Vu,tumor was higher in the late xenograft 

(Table 2). Overall, these findings suggest that anticancer agents are displaced from 

the intracellular compartment upon clonal tumor selection by treatment.  
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Table 2. Results of intratumor SN-38 distribution experiments - matched tumor pairs receiving s.c. infusions of irinotecan. Data is represented as mean ± 

SD. Values in parentheses are the number of individual data available to calculate means. 

Patient Tumor model Disease stage Css,tumor
a 

(ng/mL) 

Atot,tumor
b 

(ng/g tumor) 

Ctot,blood
c 

(ng/mL) 

Vtot,blood
d 

(mL/g tumor) 

Vu,tumor
e 

P value
f 

1 HSJD-ES-002 Early 3.2 ± 1.8 (3) 28.3 ± 14.1  (8) 3.5 ± 1.0 (8) 0.03 8.8 ± 4.4 (8)  

 HSJD-ES-006 Late 5.0 ± 2.5 (3) 17.6 ± 10.5 (7) 4.0 ± 3.2 (7) 0.02 3.5 ± 3.1 (7) 0.0128 

2 HSJD-ES-008 Early 6.5 ± 3.5 (5) 31.5 ± 9.4 (14) 3.8 ± 0.5 (6) 0.00 4.8 ± 1.4 (14)  

 HSJD-ES-012 Late 13.7 ± 5.0 (5) 31.7 ± 17.2 (18) 4.5 ± 0.9 (6) 0.00 2.3 ± 1.3 (18) < 0.0001 

3 HSJD-ES-017 Early 12.8 ± 7.5 (5) 29.9 ± 14.1 (12) 4.0 ± 1.2 (5) 0.00 2.3 ± 1.1 (12)  

 HSJD-ES-013 Late 12.1 ± 7.0 (5) 55.5 ± 22.9 (16) 5.2 ± 1.3 (5) 0.00 4.6 ± 1.9 (16) 0.0010 

a
Probe recovery-corrected concentration of unbound SN-38 in tECF obtained by microdialysis sampling at steady state.  

b
Concentration of SN-38 in the tumor homogenate samples at steady state,  

c
Concentration of SN-38 in blood samples.  

d
Volume of blood in tumor  

e
Unbound drug volume of distribution in tumor, calculated from Equation (1). 

f
P value of “early versus late” Vu,tumor parameter comparison.  
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2.3.5. Comparative expression of efflux transporters and genes related 

to irinotecan activity in patient-matched early and late PDX 

Because the increased expression and activity of ABC transporters at the tumor cell 

membrane would partially explain the shift in SN-38 distribution toward the 

extracellular compartment [20], we addressed the presence of these proteins using 

PCR and IHC. Our PCR results demonstrated remarkable overexpression (9500-

fold) of the ABCB1 gene (MDR1) in the late PDX of patient 2 (Fig. 4A). Gene 

expression correlated well with increased protein expression (IHC staining) of 

MDR1/P-gp in tumor cell membranes in the late patient biopsy and its 

corresponding PDX, compared to no detectable expression in the paired samples at 

early stage (Fig. 4B). Changes in ABC transporter gene expression for patients 1 

and 3 (Fig. 4A) did not correlate with increases or decreases in protein expression 

as analyzed using IHC (Fig. S3). Thus, in these patients we could not explain 

changes in intratumoral drug distribution with the study of these selected ABC 

transporters. Changes in gene expression of proteins related to irinotecan activity 

were detected during the evolution of tumor pairs (Fig. S4), but the real impact of 

these changes in drug activity was not experimentally addressed in our study. 

Increased activity of irinotecan against late tumor of patient 3 could be partially 

explained by highest expression of CES2 in this tumor (Fig. S4; 7-fold; P < 0.0001; 

ANOVA test). 

 

2.3.6. Functional studies of drug uptake in cells derived from paired 

PDX 

Early and late PDX-derived cells from patient 2 were selected to characterize 

intracellular irinotecan uptake and accumulation through in vitro assays and live cell 

imaging. These cell models were selected based on their highly differential 

expression of P-gp. As expected, intracellular irinotecan accumulation was 

diminished (up to 53% lower at one min) in late PDX-derived cells (Fig. 5A). The 

concentration of SN-38 in cells exposed to irinotecan was almost negligible (data 

not shown), which is consistent with the low expression of CES2 by this tumor. 

Upon exposure of cultured cells to irinotecan, intracellular fluorescence due to drug 

accumulation increased faster in early PDX-derived cells (early cells), compared to 

late PDX cells (late cells) (Fig. 5B). We observed a lag time of 45 s at which time 

point, irinotecan fluorescence in the intracellular compartment of tumor cells was 

not detectable (Fig. 5C). A peak of intracellular irinotecan appeared at the time of 

maximum fluorescence in early cells (t = 108 s), but not in late ones (Fig. 5C, 

Suppl. Videos 1 and 2). Increased resistance of late cells to SN-38 reversed 

following co-incubation with elacridar (P-gp inhibitor) (Fig. 5D). Overall, these 

findings support the shift of irinotecan distribution toward the extracellular 

compartment upon clonal selection by treatment.  
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Figure 4. Expression of ABC transporters in paired PDX models and patient biopsies. A) Expression 

of ABC transporter genes in early and late PDX tissue samples from patients 1-3. Values are relative 

to gene expression in the early PDX sample. *P = 0.0119; **P = 0.0017; ***P < 0.0001 (ANOVA test 

with Sidak correction for multiple comparisons). B) IHC staining of P-gp (brown color in cell 

membranes) in patient and PDX samples obtained from patient 2.  
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Figure 5. Differential uptake of SN-38 and irinotecan in PDX-derived cells of patient 2. A) 

Intracellular accumulation of irinotecan lactone; *P = 0.0258, **P = 0.0226, t test. B) Live cell 

confocal imaging showing irinotecan uptake in selected groups of cells. A.U.: arbitrary units. C) 

Fluorescence intensities of irinotecan and cell membrane (Alexa Fluor 568-WGA) in delimited 

sections (green lines) passing through two membranes of one Ewing sarcoma cell. D) Activity of 

elacridar at sub-cytotoxic concentration (1 µM) to reverse resistance of late PDX-derived cells to 

irinotecan. *P < 0.0001, EC50 shift analysis.  
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2.4. Discussion 

Our studies in patient-matched pairs of PDX models of Ewing sarcoma addressed 

questions related to changes in drug efficacy and pharmacokinetics within tumor 

compartments upon tumor evolution. Tumor pairs from patients 1 and 2 after 

relapse showed the same fusion genes and subtle chromosomic changes 

compared to early tumor pairs, but were more prone to become chemoresistant and 

less susceptible to intracellular drug distribution. The patient-matched tumor pair 

obtained from primary refractory progression in patient 3 showed the same fusion 

gene but with significantly different CNA composition and a different 

pharmacodynamic evolution profile. The complex karyotype of the refractory tumor 

of patient 3 may explain its poor clinical response to therapy, as previously reported 

[37]. 

 

Proposed models of clonal evolution in Ewing sarcoma progression suggest that 

early clones are driven by the canonical fusion genes EWSR1-FLI1 or EWSR1-

ERG and give rise to primary and metastatic tumors that diverge early and evolve 

independently [38]. Tumor clones may contain significant differences in their CNA 

and mutation status, but yet not in the fusion gene [13,38]. From our results, we 

infer that if both early and late tumors have similar CNA profiles, it is likely that late 

tumors will be resistant to previously efficacious therapies, due in part to clonal 

evolution leading to restricted intracellular drug concentrations in tumor cells. In 

contrast, late tumor pairs with substantially different CNA might be equally 

responsive to therapies used during early stages of the disease. 

 

In one of our cases, we identified overexpression of P-gp/MDR1 in the late tumor as 

a probable cause for chemoresistance and lower intracellular drug concentrations. 

This transporter was likely responsible for the shift of drug distribution towards tECF 

(extracellular compartment) in the late tumor model, presenting a hurdle for 

intracellular drug penetration [20]. Further supporting active efflux from tumor cells, 

in vivo microdialysis results showed higher lactone-to-carboxylate ratio in tECF of 

late stage tumor, which is consistent with selectivity of P-gp for transport of lactone 

- but not carboxylate - camptothecins from the intracellular compartment towards 

tECF [39]. 

 

P-gp is involved in the efflux transport of several chemotherapy agents and its 

expression in solid tumors is regulated by exposure to chemotherapy [40]. 

Chemotherapy increases the expression of MDR1 and MRP1 proteins in pediatric 

soft tissue sarcomas [41]; fifty percent of Ewing sarcoma patients show negative 

immunostaining of MDR1/P-gp before treatment, becoming positive after treatment 

[42]. Several other pediatric solid tumors also increase the expression of P-gp upon 

exposure to chemotherapy [43].  
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This study provides a novel approach to understanding intratumor drug 

pharmacokinetics during tumor evolution, using PDX as a valuable tool for the study 

for functional tumor evolution. Limitations of this study include the small number of 

cases, the different anatomic location of primary and relapsed tumors in patients 1 

and 2, and the possible selection of the most aggressive clones during engraftment 

in mice. Regarding the number of cases, this is justified by the lower rate of 

successful engraftment of tumor biopsies at diagnosis compared to late (relapse or 

refractory) biopsies, which precludes the establishment of matched PDX pairs in 

most cases. Regarding the possible selection of the most aggressive clones in 

xenografts, recent studies have demonstrated that PDX maintain the same gene 

expression and CNA patterns of the original tumors [44, 45]. Another possible 

limitation is the absence of DNA sequencing to detect somatic mutations. In this 

regard, previous whole genome sequencing and CNA analyses demonstrated that 

relapsed Ewing sarcoma samples are enriched in somatic aberrancies, including a 

three-fold increase in the frequency of mutations in genes involved in 

chemoresistance and malignancy, such as TP53 and STAG2 [13, 38]. Similar 

findings upon tumor evolution have been described in high grade glioma 

recurrences compared to matched early tumor pairs [11]. 

 

An important clinical implication of our compartmental pharmacokinetic study is that 

novel pharmacological approaches inhibiting physiologic or tumor barriers, or novel 

drug delivery systems which increase intracellular drug concentrations in tumors, 

might improve antitumor efficacy in relapsed tumors. For instance, tyrosine kinase 

inhibitor gefitinib can increase intracellular concentration of topotecan in orthotopic 

glioma xenografts, likely through the inhibition of the barrier function of ABC 

transporters expressed by the tumor cells [20]. 

 

2.5. Conclusions 

In summary, using a unique set of clinically relevant patient-derived xenograft pairs 

established at early and late tumor stages, we have identified that drug 

concentration in Ewing sarcoma tumor cells becomes restricted during tumor 

evolution under treatment pressure. We observed this in two cases in which CNAs 

in early and late xenografts were similar, suggesting a common clonal origin. Our 

results should be taken cautiously due to the low number of cases, but they might 

be clinically relevant to predict response of relapsed tumors to chemotherapy and to 

justify novel treatments that enhance drug delivery in the tumors at relapse. 
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2.9. Supplementary material 

 

Figure S1. Activity of doxorubicin and etoposide in paired PDX models. In vitro antiproliferative 

activity curves of both drugs in PDX-derived cells in culture show % of MTS signal (mean and SD of 

six experimental values) compared to control untreated cells that were considered 100%. *P = 

0.0456; **P = 0.0031; ***P < 0.0001, late vs early cell IC50 values; EC50 shift analysis. 
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Figure S2. SN-38 concentrations in tECF at steady state. A) SN-38 lactone concentrations in tECF 

during four consecutive 90 min intervals (1 to 4) (mean ± SD of 3-5 experiments). *P = 0.002, **P = 

0.0001, t test, early vs late samples. B) Lactone-to-carboxylate ratio of SN-38 concentrations in 

tECF at steady state. Dots represent value of each experiment, calculated as the ratio of SN-38 

lactone and carboxylate concentrations (means of three consecutive dialysate samples at the steady 

state). *P = 0.0335, t test. 
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Figure S3. Immunostaining of PDX samples for P-gp/MDR1, BCRP and MRP1 transporters. P-

gp/MDR1-stained sample of patient 2 (late sample; also shown in Fig. 3B) is shown as reference for 

positive membrane staining. 
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Figure S4. Expression of genes involved in irinotecan activity in early and late PDX tissue samples 

from patients 1-3. Values are relative to gene expression in the early PDX sample. *P = 0.0352; **P 

= 0.0009; ***P = 0.0003; ****P < 0.0001 (ANOVA test with Sidak correction for multiple 

comparisons). 
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 1. Successful establishment and characterization of PDX models established 

from biopsies and necropsies of pediatric patients. 

 

We established 30 pediatric sarcoma PDX models from patients newly diagnosed 

and relapsed with Ewing sarcoma, osteosarcoma and rhabdomyosarcoma, from 

November 2010 to November 2019. We collected 68 biopsy samples from 51 

patients obtaining a 44% of successful engraftment in immunodeficient mice. 

 

We analyzed 12 PDX models and their corresponding patient biopsy sample by 

immunohistochemistry. The histopathology of the tumors, by hematoxylin and eosin 

staining, and the expression of tumor-related proteins, CD99 (Ewing sarcoma), 

SPARC (osteosarcoma) and MyoD1 (rhabdomyosarcoma), did not change 

significantly upon successive mouse-to-mouse passaging. We also compared the 

marker of cell proliferation Ki67 in patient tumor biopsies at early and late 

successive passages in PDX tumors. We observed that the percentage of Ki67-

positive nuclei was lower in the PDX at F0, compared to the patient biopsy sample. 

PDX at generations higher than F0 showed an increasing number of Ki67-positive 

cells. Although the difference in Ki67 staining were not statistically significant, 

tumors at F5 filial generation achieved endpoint significantly faster than those at the 

earlier stage F2 (P = 0.0042). We also compared the CNA profiles of two tumor 

biopsies and PDX tissues at early and late filial generations using the Cytoscan 

technology. We selected one Ewing sarcoma tumor with a stable genome and one 

rhabdomyosarcoma with highly aberrant chromosomic profiles for CNA analysis. 

We observed that karyotype alterations present in the biopsy sample were shared 

in both PDX models, at F2 and F5 generations. 

 

We evaluated the activity of irinotecan in 20 subcutaneous PDX models and we 

observed that all of them had a measurable response after one treatment cycle. We 

found that 45% of the models achieved complete response to treatment and all 

achieved at least stable disease. In three of the PDXs, we evaluated the response 

to irinotecan at different filial generations and found that both tumors at passage F ≤ 

2 and F ≥ 6 showed similar response. Upon treatment cessation, PDX tumors at 

both passages grew similarly and achieved similar median survivals until endpoint 

(established at a tumor volume of 1500 mm3). We also compared response to 

treatment of patient and PDX of four newly diagnosed rhabdomyosarcomas. We 

found that the three patients treated with irinotecan in combination with carboplatin 

achieved the same response to treatment as their corresponding PDX treated with 

irinotecan.  

 

In summary, we demonstrated that PDX models stably represent patient disease 

from the morphology, genetics and functional perspectives.   
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 2. Identification of factors favoring PDX engraftment and association 

between PDX engraftment and prognosis in pediatric patients.  

 

We collected data from patients and PDX models in order to identify factors 

favoring successful engraftment in mice. Patient clinical information included 

gender, age, date of diagnosis, risk stratification, presence of metastasis, relapse, 

date of death or last follow up, treatment and clinical response. We also collected 

information about primary tumor tissue of origin, timing of surgery, molecular tissue 

analysis and sample collection method. We observed that age older than 12 years 

and relapse were factors associated with increased engraftment rate when pooling 

all diseases together (Ewing sarcoma, osteosarcoma and rhabdomyosarcoma). We 

analyzed the Ewing sarcoma patient cohort separately and found that age older 

than 12 years was not determinant, while relapse and presence of metastasis at 

diagnosis was significantly associated with engraftment. We also studied if the 

engraftment of a first biopsy from one patient predicted the engraftment of 

successive biopsies obtained from the same patient during disease progression. 

We found that 9 out of 11 second biopsies engrafted after a first positive PDX 

engraftment. However, the association was not statistically significant.  

 

We used the collected information to address whether successful engraftment in 

mice of tumor biopsies of newly diagnosed and relapsed sarcoma patients had a 

prognostic effect on the overall survival (OS) and event-free survival (EFS) of these 

patients. Median EFS and OS for patients with positive engraftment was 

significantly shorter than those of patients with negative engraftment, 7.56 vs 22.4 

months (P = 0.00021) and 19.9 vs 42.5 months (P = 0.0069), respectively. In the 

diagnostic cohort, positive engraftment resulted in shorter median EFS (20.6 

months) compared to negative-engraftment (median EFS not reached) (P = 0.040). 

In this cohort, patients with positive engraftment also had shorter median OS (34.2 

months), although not statistically significant compared to patients with negative 

engraftment (median OS not reached) (P = 0.19). In the relapse cohort, we did not 

find a significant association of positive and negative engraftment with median EFS 

(4.56 vs 12.2 months, respectively) (P = 0.17) and OS (16.7 vs 25.7 months, 

respectively) (P = 0.30). We also studied 18 newly diagnosed Ewing sarcoma 

patients and showed that positive engraftment predicted relapse of patients 

classified as standard risk (P = 0.0357).  

 

In summary, we showed that positive engraftment of tumor biopsies in mice is a 

prognostic factor related to poorer EFS of newly diagnosed pediatric patients with 

the most frequent bone and soft tissue sarcomas.   
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 3. Changes in anticancer drug activity and intratumoral drug distribution 

during the evolution of Ewing sarcoma.  

 

We established three pairs of Ewing sarcoma PDX models from biopsies obtained 

at diagnosis (early) and relapse/refractory (late) stage from three patients. We 

analyzed the CNA profiles of early and late PDX pairs. We observed that in patients 

1 and 2, who achieved complete remission after treatment but relapsed more than 

one year later, most of the CNAs of the early PDX were conserved in the paired late 

tumor. In contrast, patient 3, who did not achieve remission and was refractory to 

treatment, showed substantially different CNA profiles in both PDX models. These 

findings suggest that late tumors likely evolved clonally from the early tumor cells in 

patient 1 and 2, while tumors from patient 3 are of different clonal origin. 

  

PDX-derived primary cells from patients 1 and 2 were five to ten-fold more resistant 

to the anticancer drug SN-38, compared to their early counterparts (P < 0.0001). In 

both PDX pairs, irinotecan treatment led to inferior tumor control in mice bearing the 

late PDX, which relapsed more rapidly upon treatment cessation (patient 1) or had 

a poorer response during treatment (patient 2). In contrast, for patient 3, there was 

no increased resistance to SN-38 of primary tumor cells derived from the late stage 

and the late PDX engrafted in mice was actually more sensitive to irinotecan. 

Analysis of intratumoral microdialysis samples and tumor homogenates revealed 

that at earlier stage during treatment, in patient 1 and 2, a greater proportion of SN-

38 was intracellular rather than unbound in the tumor extracellular fluid (P = 0.0128 

and P < 0.0001, respectively). For patient 3, however, a higher amount of 

intracellular SN-38 was found in the late PDX model (P = 0.0010). 

 

In patient 2, we observed a remarkable 9500-fold overexpression of the ABCB1 

gene (P = 0.0001) in the late PDX by PCR. The protein encoded by such gene, 

MDR1/P-gp, was also overexpressed in the late PDX upon immunohistochemistry 

analysis. This result could explain the shift in SN-38 distribution towards the 

extracellular compartment. In vitro assays and live cell imaging studies showed that 

intracellular irinotecan accumulation was diminished in the late PDX-derived cells 

(up to 53% lower at one minute, P = 0.0226) and that drug uptake was faster in 

early PDX-derived cells. We were able to reverse the increased resistance to SN-

38 of the late PDX primary tumor cells using a P-gp inhibitor, elacridar. 

 

In summary, we evidenced that anticancer agents are displaced from the 

intracellular compartment during tumor evolution under treatment pressure. The 

unique set of clinically relevant paired PDXs established at early and late tumor 

stages strengthened our experimental conclusions. 
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The scientific contributions of this thesis include the establishment and 

characterization of a preclinical platform of mouse PDX to study pediatric sarcomas, 

such as Ewing sarcoma, osteosarcoma and rhabdomyosarcoma. These PDXs and 

the clinical information collected from patients and their biopsies led us to identify 

factors favoring PDX engraftment and study its association with prognosis. Using 

PDX pairs established from single patients, we studied the treatment-driven 

evolution of Ewing sarcoma tumors during disease progression. These 

multidisciplinary projects were possible due to key contributions from key experts 

working in the field of molecular biology, preclinical pharmacology, pediatric 

oncology, pathology, surgery and animal welfare. 

 

Upon the selection of pediatric sarcomas as the unmet medical need to address, 

we identified that preclinical models resembling molecular genomics and histology 

of these diseases were scarce or not available in the scientific community. Thus, 

one of the main goals of my PhD work was to develop and characterize a preclinical 

tool to improve pediatric sarcoma research. We selected PDX models because they 

likely provide better translational relevance than xenograft models established from 

cell lines immortalized in culture. Cell cultures are clonally more homogenous, have 

greater invasive capabilities due to the adaptation to in vitro growing conditions and 

are considered less representative of tumor patients, compared to PDX models [10, 

11]. Several of the preclinical therapies developed using tumor cell lines failed or 

did not achieve the expected clinical translation [9, 24].  

 

To select the approach to engraft PDX at SJD, we considered the orthotopic versus 

subcutaneous location in the immunodeficient mice. Orthotopic engraftment is 

especially relevant to reproduce the complex microenvironment of the original 

tumor [15]. However, we decided to select the subcutaneous site because it offers 

the advantage of a simple surgical procedure, easier follow-up by palpation and it 

does not require imaging systems to visualize tumor engraftment [245]. 

 

As highlighted by Hidalgo et al., a thorough characterization of the PDXs helps 

ensure that they correspond and represent the main characteristics of patient 

tumors [9]. Following this guide, we demonstrated that our established 

subcutaneous PDX models expressed specific tumor-related proteins and 

recapitulated chromosomic alterations of the original primary tumor. Upon 

comparison of the CNAs in the PDX and the original biopsy, we confirmed that 

patient alterations were conserved in the tumor xenograft. These results are 

consistent with previous data from DeRose et al., who reported a bank of breast 

cancer grafts that maintained the key features of the patient tumors, including 

histopathology, clinical markers, gene expression profiles and copy number 

variations [20]. One observation of our study was surprising: cells in tumor patients 

showed higher rates of Ki67 positivity (marker of proliferation) compared to the first 

generation in mice (passage F0), that increased in the successive passages. Even 

though these differences were not significant, we observed that F2 PDXs grew 
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significantly slower than F5 ones. This supports that there might be a clonal 

selection during xenograft establishment that could facilitate and accelerate the 

growth of tumor samples in mice. Indeed, DeRose et al. showed in a breast cancer 

cohort that some clonal clusters were dominant in the PDX but not in the original 

tumor patient [20].  

 

This PhD thesis describes one of the largest preclinical platforms of pediatric 

sarcoma xenografts reported to date. The engraftment rates of 42% for Ewing 

sarcoma, 42% for osteosarcoma and 53% for rhabdomyosarcoma biopsy samples 

are comparable to the study from Nanni et al. that obtained 36% and 24% 

successful engraftment rates for osteosarcoma and Ewing sarcoma, respectively 

[246].  

 

The purpose of our studies of irinotecan activity in PDX models was to confirm the 

stability of the preclinical response at different filial generations and the ability to 

replicate clinical response to treatment in patients. Our results support that PDXs 

predict drug efficacy in personalized therapy studies. We selected the irinotecan 

protracted administration schedule because it showed clinical efficacy against 

pediatric sarcomas. Wagner reviewed the objective response to the protracted 

irinotecan treatment observed in patients with relapsed rhabdomyosarcoma and 

Ewing sarcoma in key phase II and III studies [230, 241]. In the clinical practice, 

irinotecan is administered to patients in combination with other chemotherapeutic 

drugs such as vincristine, carboplatin, temozolamide, docetaxel or ifosfamide, for 

treatment of intermediate and high-risk pediatric sarcomas [235, 236, 239, 241]. For 

example, Raciborska et al. reported a response rate of 68% in patients with 

relapsed Ewing sarcoma after treatment combining irinotecan, temozolomide and 

vincristine [238]. 

 

Aparicio, Hidalgo and Kung highlighted the difficulties of using PDX models in the 

day-to-day clinical decisions as a real-time predictive tool due to the slowness to 

develop the PDX models and to obtain preclinical study results [10]. They 

suggested that PDXs could be more useful to identify future patients in novel 

precision medicine strategies [9, 10]. Even though the factor “time” is the main 

limiting factor of personalized medicine, we calculated that 50% of our patients with 

an associated stable PDX model could have potentially benefited from our platform, 

i.e., experimentation in their models could have provided timely data to select their 

treatments. 

 

The hypothesis that successful PDX engraftment could be associated with patient 

outcome emerged from our initial observations during more than 5 years of work. 

We observed that some patients with Ewing sarcoma, whose tumors engrafted at 

the initial diagnosis of the disease, relapsed unexpectedly. We also detected in the 

literature that successful PDX engraftment and worse prognosis had been 

associated in EGFR-mutant lung adenocarcinoma [29], uveal melanoma [50] and 
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pediatric liver cancers [54]. For instance, Pergolini et al. demonstrated that 

pancreatic ductal adenocarcinoma engraftment in mice was associated with worse 

recurrence-free survival and worse OS [247]. Another example is provided by 

DeRose et al., who showed that the ability of breast cancer biopsies to grow in mice 

might reflect a more aggressive phenotype that was independent of clinical markers 

such as estrogen receptor (ER), progesterone receptor (PR) or human epidermal 

growth factor receptor 2 (HER2) [20]. They observed that positive engraftment of 

tumor samples correlated with shorter survival across all subjects included, 

indicating that the PDX established represented the most aggressive disease. In 

newly diagnosed patients with no detectable metastasis at the time of surgery, they 

observed that the ability of a tumor to generate stable orthotopic tumor grafts 

significantly correlated with reduced survival. They concluded that PDX engraftment 

provided retrospective prognostic information about the course of the disease and 

has potential to be used as a surrogate indicator of risk for disease progression 

[20]. Consequently, we performed a formal retrospective analysis of this 

phenomenon in our hands, once we had enough number of samples. We showed 

that positive engraftment was also associated with shorter median EFS and OS in 

patients with the most frequent pediatric sarcomas. However, the most relevant 

information was that, as observed by DeRose et al., PDX engraftment at the time of 

diagnosis could help us identify aggressive pediatric sarcoma tumors with worse 

EFS, predicting relapse and disease progression. A consequence of this 

observation is that PDXs do not completely represent the heterogeneity of the 

whole disease because only the most aggressive tumors are able to engraft in 

mice. 

 

Because our cohort of PDXs had a predominant representation of Ewing sarcomas, 

we explored deeper the clinical meaning of our findings in these patients. Clinical 

protocols such as GEIS21 classify Ewing sarcoma patients as standard risk or high 

risk, depending on the primary tumor localization, presence of metastasis at 

diagnosis or bone marrow micrometastasis [176]. Patients classified as high risk 

receive more intensive treatment than the standard risk ones [176]. Our observation 

that all patients with a stable PDX and classified as standard risk at diagnosis 

relapsed and died during the course of this study suggests that the factor “stable 

PDX” could be used in the future to classify such patients as high-risk. Prospective 

clinical trials should address this specific question. 

 

Our findings that patients factors “age older than 12 years old” and “relapsed 

disease” correlated highly with engraftment are in agreement with the observations 

of Stewart et al., who reported in lung adenocarcinoma that age was also a key 

factor in the tumor biopsy engraftment [29] and Nicolle et al., who showed higher 

engraftment rates in recurrent hepatoblastoma tumors [54]. One limitation of our 

study was that the three tumor types were not equally represented, as we analyzed 

31 patients with Ewing sarcoma, 10 with osteosarcoma and 10 with 

rhabdomyosarcoma. When we analyzed the Ewing sarcoma cohort, we found that 
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the factors favoring engraftment were relapse and the presence of metastasis at 

diagnosis. Chen et al. also showed in non-small cell lung cancer that advanced 

patients with metastasis had greater engraftment rates [248]. Interestingly, we did 

not observe in the Ewing sarcoma cohort that patients older than 12 years old had 

better engraftment, even though patients with Ewing sarcoma older than 14 years 

old had significantly worse prognosis [171].  

 

During the project, we realized that collecting complete clinical data associated to 

preclinical models is challenging and very important to build optimal and powerful 

preclinical tools. Thus, we implemented the guide proposed by Meehan et al., also 

known as PDX Minimal Information (PDX-MI) [75]. The PDX-MI guide helps 

preclinical institutions build robust and standardized databases to accurately report 

PDX models. Tables built using these guides include information regarding the 

methods to obtain the biopsy, tissue histology, tumor grade and classification, 

presence of specific markers and molecular analysis, previous treatment received 

in the patient, mouse strain, sample conservation, site of tumor implantation, use of 

Matrigel, time necessary to achieve a PDX of one specific volume, treatment tested 

and responses obtained in the different PDX models.   

 

Our finding that both freshly excised and cryopreserved samples had similar rates 

of engraftment has relevant practical implications. One of the limiting factors when 

establishing PDX is the time between the sampling and the implantation, which 

according to Abel et al., should not be longer than 48 h [249]. Our results do not 

rule out that the viability of cryopreserved samples is tumor type-dependent, but at 

least one study, by Hernandez et al., showed that cryopreserved samples from 

pancreatic ductal adenocarcinoma engraft well in immunodeficient mice [250]. 

Another relevant conclusion of our work was that even small samples obtained by 

less invasive methods, such as the Tru-Cut, allowed to establish PDXs. The small 

sample size obtained by Tru-Cut might be less representative of the original tumor. 

However, as demonstrated by Sitt et al., the ultrasound-guided Tru-cut synovial 

biopsy had a 99% accuracy for diagnosing synovial tumors and the 96% of biopsies 

obtained in their study had sufficient synovial tissue for histological analysis [28]. In 

agreement with these results, we consider that the Tru-cut biopsy is a safe and 

reliable surgery technique with a high diagnostic accuracy, sensitivity and 

specificity, which is useful to study disease progression when obtaining multiple 

biopsies over time from the same patient.  

 

Our study on the functional evolution of Ewing sarcoma during disease progression 

took advantage of the successful engraftment at our laboratory of “early” and “late” 

biopsy samples from three patients. This resource of PDX pairs was an important 

novelty, because most PDX models represent disease stages related to 

“recurrence” or “progression”, in contrast to the stage “primary diagnosis”, which is 

rare [27]. Stewart et al. proposed that the acquisition of multiple samples from the 

same patient help study tumor evolution upon disease progression and the main 
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mechanisms involved in tumor chemoresistance [29]. Our conclusions upon the 

analysis of CNA profiles from the three pairs of PDX models were consistent with 

the study of Bhang et al. who showed that there are pre-existing subpopulations of 

resistant cells in tumors that are able to escape under treatment, suggesting that 

resistant clones are present before treatment [39]. We determined that if both early 

and late tumors have similar CNA profiles, it is likely that late tumors will develop 

chemoresistance to previous treatment probably due to the restriction of drug 

uptake to the intracellular compartment. In contrast, if the CNA are substantially 

different, the late tumor could maintain the clinical response to the therapies used in 

the early stages of disease. However, these suitable explanations should be taken 

cautiously as the main limitation of our work is the small number of cases analyzed.  

 

Our choice of irinotecan/SN-38 as model drugs for in vitro and in vivo work was 

justified by the high sensitivity of our analytical technique to quantify SN-38, which 

we developed previously in-house [99]. Having a sensitive analytical technique was 

key, because the volume of microdialysis and biological samples was minimal in 

our experiments. We also selected other drugs included in the standard of care 

protocol of Ewing sarcoma such as doxorubicin and etoposide, both substrates of 

P-gp protein transporter. Our study identified the overexpression of P-gp as the 

likely cause for the shift of the SN-38 compartment distribution from the intracellular 

space, in the early PDX model of patient 2, to the tumor extracellular space, in the 

late PDX of the same patient. P-gp was discovered in 1970 by Biedler et al. who 

observed that this protein conferred a 2500-fold increase in drug resistance to 

actinomycin D in mammalian cell lines [251]. In agreement with the overexpression 

of P-gp in patient 2, Juliano et al. identified that P-gp was the cause of the reduced 

cellular drug exposure and the degree of drug resistance was related with the 

relative amount of surface P-gp [252]. The physiological impact of P-gp was 

elucidated by Schinkel et al. who reported in 1994 an increment of 100-fold in the 

penetration of ivermectin, an antiparasitic medication, into the brain of mice lacking 

de gene ABCB1 [253]. Since then, several authors have described that the up-

regulation of drug efflux by MRPs is one of the principal causes of drug resistance 

in tumor cells as these group of proteins are able to mediate the outflow of a wide 

range of chemotherapeutic drugs [130-132]. 

 

Our finding in the samples of patient 2 is consistent with the results observed by 

Hijazi et al. that showed that 50% of Ewing sarcoma tumors become positive to 

immunohistochemical P-gp analysis after treatment [254]. However, this pathology 

study contained only 15 cases with matched tumors before and after treatment, 

which is likely an insufficient number of samples to obtain general conclusions. We 

observed in our studies that the modulation of P-gp protein activity has influence in 

the active extrusion of SN-38/irinotecan from the intracellular compartment to the 

extracellular space. Follit et al. and Nanayakkara et al. identified in silico three 

compounds that inhibit P-gp directly blocking the pumping action, and showed 

successful reversion of paclitaxel resistance in prostate cancer cell line with high 
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expression of P-gp [255, 256]. In this regard, the use of inhibitors of P-gp such as 

elacridar, the one we used in our study, could help to explain in part the reason of 

acquired chemoresistance in tumor cells. However, the translation of targeting P-gp 

in the clinical practice is still unclear and several clinical trials failed due to the 

toxicity observed in patients. Despite these results, the modulation of other MDR 

proteins such as MRP1 by the small molecular inhibitor ibrutinib has been approved 

by the US FDA for the treatment of chronic lymphocytic leukemia. Further trials 

could identify and develop promising candidates targeting P-gp to treat tumors that 

are multidrug resistant due to P-gp overexpression.   

 

Taken together, the results of my PhD thesis provide potential clinical impact in 

pediatric sarcoma research. The novel set of Ewing sarcoma, osteosarcoma and 

rhabdomyosarcoma preclinical models will be useful for future preclinical studies 

and for the design of clinical trials. The identification of PDX engraftment as a bad 

prognosis factor of Ewing sarcoma patients could be introduced in the design of 

future clinical studies. The paired-PDX samples from early and late stages of 

patient disease are novel and original resources for the scientific community. Our 

approach to study intratumoral drug pharmacokinetics to understand resistance to 

treatment will remain limited to the handful of laboratories that perform 

microdialysis, but we will continue refining this method to improve our 

understanding of the relationship between intratumoral drug distribution and drug 

response. 
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In this thesis we developed a novel preclinical PDX platform of the most frequent 

pediatric sarcomas, including Ewing sarcoma, osteosarcoma and 

rhabdomyosarcoma. We used this new resource to identify factors related with 

successful PDX engraftment, to study the association between engraftment and 

patient prognosis, and to measure changes in drug distribution and activity during 

the evolution of Ewing sarcoma disease. 

 

The main conclusions related with the development of the preclinical models of 

pediatric sarcoma patients are: 

 

 1. Using fresh and cryopreserved tumor specimens from 31 newly diagnosed 

and 37 relapsed patients with Ewing sarcoma, osteosarcoma and 

rhabdomyosarcoma, we robustly established 30 PDX models from the 68 

samples obtained, which represents a 44% of successful engraftment rate. 

 

 2. We analyzed representative cases of the PDX platform and determined that 

the PDX models resembled the histology (12 cases) and genetics (2 cases) 

of the original human tumors and that these characteristics remained stable 

over successive passages in mice.  

 

 3. The anticancer activity of irinotecan in 20 PDXs was significant, with 45% of 

the models achieving complete response to this drug. Three patients treated 

with irinotecan in combination with carboplatin achieved the same response 

to treatment as their corresponding PDXs. Our data support that PDX predict 

clinical efficacy of personalized medicine while keeping a stable tumor 

architecture and heterogeneity.  

 

Next, we focused on the identification of factors related with successful engraftment 

and its association as a prognostic indicator in pediatric sarcoma patients. The main 

conclusions of this section are:  

 

 1. The factors related to higher engraftment rates in our pediatric sarcoma 

cohort (51 patients in total) were age older than 12 years old and relapse. In 

the Ewing sarcoma cohort (31 patients) the factors were advanced disease 

and presence of metastasis at diagnosis, but not age older than 12 years.  

 

 2. Positive PDX engraftment was associated with shorter median EFS and OS. 

Positive PDX engraftment at the time of patient diagnosis identified 

aggressive pediatric sarcoma tumors with poorer prognosis, predicting 

disease progression. 

 

 3. PDX engraftment might help re-classify patients newly diagnosed with 

standard risk Ewing sarcoma. In 18 newly diagnosed Ewing sarcoma 

patients, positive engraftment predicted relapse of patients classified as 
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standard risk. We propose that such patients should be classified as high-

risk, upon confirmation of this finding in prospective clinical trials. 

 

Finally, we characterized the pharmacokinetics and pharmacodynamics of 

irinotecan during the evolution of Ewing sarcoma. The main conclusions of this 

section are: 

 

 1. We established three pairs of Ewing sarcoma PDXs from the same patients 

at primary diagnosis and at later disease stages. 

 

 2. We demonstrated the development of chemoresistance was related to 

decreased intracellular drug concentration in vitro and in vivo in two PDX 

pairs, corresponding to two patients that achieved complete response to 

therapy but relapsed in the long-term. In these two patients, copy number 

alteration profiles were similar in both paired xenografts obtained at 

diagnosis and at long-term relapse, suggesting a common clonal origin of 

tumors at both disease stages. 

 

 3. We identified the overexpression of P-glycoprotein as the likely cause of 

treatment-induced chemoresistance and limited drug distribution in tumor 

cells in one of the tumor pairs. 
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