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General introduction and outline of this thesis
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Years of research and increasing knowledge have culminated in the position paper by Hanahan 
and Weinberg in 2000, describing the hallmarks of cancer [1]. Hanahan and Weinberg stated 
that cancer is a disease of the genes, with six fundamental characteristics; self-sufficiency in 
growth signals, insensitivity to antigrowth signals, evasion of apoptosis, endless replicative 
potential, sustained angiogenesis and the ability to invade and metastasize[1]. In this paper 
they also contemplated the progress of science, and hypothesized what the stance would be 
of cancer diagnosis and treatment 10-20 years ahead [1]. They predicted the introduction 
of somatic mutation testing as a routine procedure, the development of new informatics 
systems that would interpret the abundance of information coming from sequencing 
instruments, but also the further elucidation of cell signaling networks and functional impact 
of each of its components, ultimately resulting in an understanding why specific anticancer 
drugs succeed or fail [1]. They envisioned cancer biology and treatment would one day 
become a rational science [1]. While they were certainly correct with regard to the direction 
scientific research was heading to, cancer is still not a logical disease. Science has taken big 
leaps the past years with the development of next generation sequencing technology and has 
encountered numerous big successes with biomarker-based targeted therapy. But despite 
these developments, the layers of complexity are ever more present and a full understanding 
of cancer remains elusive.

A short historical perspective on cancer treatment 

The earliest reported case of cancer dates back to the year 3000 BC. The Edwin Smith 
papyrus, case 45, describes a patient with ball-like tumors of the breast that feel cold, have 
no granulation and generate no secretions of fluid [2]. The paragraph on treatment was very 
short and concise; “there is no treatment [2]”. Over the past decades, many have realized 
that cancer was a tough disease to treat. Surgical cures had been described, but could only 
be achieved if the tumor was completely excised in an early stage [3]. In the years after 
1846, when anesthesia was invented, the cure of cancer by surgery rapidly improved [4]. 
Surgeons Billroth, Handley and Halsted performed extensive operations, removing not only 
the tumor with wide margins, but also surrounding lymph nodes [4]. The biggest limitation 
to cancer surgery however, was when cancer cells had left the primary tumor and spread 
throughout the body using the blood stream, the process of metastasis[4]. In the 20th century, 
more treatment modalities became available. Radiotherapy, chemotherapy, anti-hormonal 
treatment and targeted therapy all contributed to improved cure rates and a better control 
of cancer [5, 6]. Unfortunately, for those patients in whom cancer had already metastasized, 
prognosis remained poor.  
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The shift to personalized treatment

A treatment choice for the individual patient with metastatic disease is traditionally based on 
histopathology, sometimes complemented by a defined panel of molecular characteristics [7]. 
Such a defined panel often contains mutations that, for a particular tumor type, are known 
to determine or contribute to drug sensitivity, such as RAS status in metastatic colorectal 
cancer [8]. The past years however, we have learned that not every tumor is the same, not 
even if they share their tissue of origin [9]. Guinney et al. provide a solid example to illustrate 
this phenomenon in colorectal cancer [10]. They demonstrated that within this tumor type, 
there are several subtypes with distinct molecular patterns [10]. The MSI immune subtype 
which is characterized by hypermutation and immune infiltration, the canonical subtype that 
is distinguished by WNT and MYC activation, the metabolic subtype which is metabolically 
deregulated and often has KRAS mutations, and the mesenchymal subtype with TGF-β 
activation [10]. This tells us that colorectal cancer is not just one disease, but a heterogeneous 
group of tumors that arise from the same organ and share (in some cases) only a limited 
number of molecular features. 

Patients with advanced or metastatic disease however, are still being treated with a fixed 
array of chemotherapeutic agents, registered for their tumor type, often with limited efforts 
of preselection. Chemotherapeutic agents are cytotoxic and exert their harmful effect on 
rapidly dividing cells. Because cancer cells are constantly dividing, chemotherapy poses a very 
rational and effective treatment option. Unfortunately, not all patients experience clinical 
benefit from treatment, and cancer cells are not the only dividing cells in the body, resulting 
in a plethora of side-effects ranging from alopecia and mucositis to cognitive defects [11-15]. 
Many decades after the discovery of chemotherapy came the advent of targeted therapy. 
Targeted agents are drugs that interfere with distinct molecular aberrations or pathways 
involved in cancer growth and survival. The efficacy of targeted treatment has been affirmed 
by agents such as trastuzumab (anti-HER2 monoclonal antibody), which yielded astounding 
results in both the curative and palliative setting of HER2 amplified breast cancer [16, 17]. 
Consequently, several other successful biomarker-drug combinations have made their way 
to the clinic. These posterchilds for personalized medicine include amongst others crizotinib 
in ALK mutant non-small cell lung cancer, vermurafenib in BRAF mutant melanoma and 
EGFR inhibitors in colorectal tumors that do not harbor a mutation in the RAS pathway [18-
20]. Unfortunately, the implementation of targeted therapeutics in clinical practice is also 
fraught with difficulties [21, 22]. For most targeted therapeutics we do not have companion 
diagnostics that can (de)select patients for treatment [22]. As a result, we do not know how 
to efficiently distribute these drugs to the patients that will benefit from treatment [22]. 
Newly developed targeted agents are discarded because they are deemed ineffective and we 
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are hampered in our efforts to unravel new and promising off-label indications for presently 
registered drugs. 

In order to improve the systemic treatment of patients with advanced or metastatic disease, 
we need strategies that enable us to allocate the correct treatment to the right patient. In 
this thesis, we will discuss two separate methods that could be used to facilitate tailored 
medicine; biomarker research and patient-derived tumor organoids (figure 1). 

Biomarker research

Considerable effort has gone into the identification of molecular markers that are able 
to differentiate between patients that will, or will not, respond to a particular treatment. 
Although for some drugs we have identified single genetic aberrations that highly correlate 
to treatment response, such an effect is usually not that outspoken [23]. Often, it is not just 
a single marker that determines drug sensitivity phenotype, but a combination of molecular 
features [24, 25]. 

In order to identify molecular characteristics that regulate drug sensitivity, an important first 
step is to decide which markers are interesting or essential to evaluate for a particular drug, 
i.e. which technique should be used for biomarker discovery efforts? Several years ago, next 
generation sequencing technology was introduced, and has now reached the point where it 
is possible to sequence the entire human genome for less than 1.000,- euro, in a mere month 
[26]. But whereas whole genome sequencing, and sequencing of the exome or kinome, 
provides us with a wealth of information, we do not yet know how to interpret the majority 
of genetic aberrations [27]. Gathering information further downstream, by incorporating 
RNA sequencing and/or proteomics, could provide insight in the functional consequences of 
identified genetic aberrations, and might therefore be an essential addition [22]. 

We have also learned that biomarkers can be tissue type agnostic as well as tissue type 
dependent [28]. HER2 amplification marks patients that have clinical benefit from treatment 
with trastuzumab in breast cancer, as well as gastric cancer [17, 29]. This is not observed 
however for BRAF V600E mutations, where impressive response rates are achieved in 
melanoma patients, but almost no effect is observed for colorectal cancer [20, 30]. Apparently, 
feedback activation of EGFR signaling in colorectal cancer culminates in resistance for BRAF 
inhibition in this tumor type [24, 30]. Context dependence has also been said to have 
contributed to the negative results of the first large genotype-matched drug trial, the SHIVA 
[31]. 
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Genotype-matched trials such as the SHIVA however, also face other issues, such as low 
numbers of actionable mutations. Interim data of the NCI-MATCH study, demonstrated that 
of 795 patients submitted for screening, a mere 56 (7%) had a targetable mutation, and even 
fewer patients actually initiated treatment (n=16, 2%) [oral communication, P.J. O’Dwyer, 
AACR 2016]. And although for some tumor types, the rate of actionable mutations is higher, 
as has been illustrated in the SAFIR01/UNICANCER study for breast cancer (46%), this does 
not necessarily mean that a personalized treatment regimen is available [32]. In the SAFIR01/
UNICANCER study, a personalized treatment was available for 55 of 423 patients (13%), and 

Figure 1. Selecting patients for treatment – Identifying patients subgroups that are sensitive to a specific targeted 
therapeutic, agnostic of tumor type, is an inefficient process. Ongoing efforts focus on biomarkers research, using 
genetic aberrations, copy number profiles, or expression profiles to elucidate the components that determine drug 
sensitivity. Other efforts focus on functional assays such as two- or three-dimensional cultures, or patient-derived 
xenografts.
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43 of 423 patients (10%) initiated treatment [32]. In the MOSCATO trial, a treatment was 
selected for 19% of patients [33]. Also, study outcomes of large genotype-matched trials, 
have not always lived up to the enormous expectations. In the SAFIR01/UNICANCER study, 
9% of patients had an objective response, and 21% stable disease for more than 16 weeks. 
The SHIVA study demonstrated that molecularly-guided therapy did not improve progression 
free survival (2.3 months in the experimental arm versus 2.0 months in the control group) 
[31]. And the MOSCATO trial, although a statistically significant result was achieved, achieved 
an improved PFS ratio in 33% of patients, which remains a marginal improvement compared 
to other biomarker-based clinical trials [33]. 

Because there are so many tumor types, genes, and signaling networks, we have probably 
only unveiled the tip of the iceberg of cancer biology. This can also be deduced by the fact 
that none of the presently validated biomarkers give a 100% guarantee of clinical benefit. An 
expansion of our repertoire of biomarker studies is essential to further our knowledge on 
tumor biology and behavior, and thereby improve the outcome of genomics-guided therapy. 

In vitro and in vivo models to guide therapeutic decision making 

When using genomics-based biomarkers to predict treatment response in patients, it is key 
to understand tumor biology and dynamics. A complete understanding of tumor biology 
and determinants of drug response will require big coordinated efforts. It would be easier 
to simply observe for which drug(s) a particular tumor is sensitive. Therefore, the use of 
individualized in vitro and in vivo model systems have also received a lot of attention over 
the years. 

Since the 1970s, many researchers have attempted to develop an in vitro assay that could 
provide predictive information about the chemosensitivity or resistance of a tumor [34, 35]. 
These assays can be employed to either prevent unnecessary treatment by identifying non-
responders, or to select a potentially effective therapy for the individual patient. Unfortunately, 
the first tumor chemosensitivity assays had significant limitations that prevented their 
translation to clinical use. There was a low take rate for the establishment of primary two-
dimensional (2D) cultures, necessity for large amounts of starting material, and assay results 
did not correlate to clinical response of the patient [35]. There can be many explanations 
why chemosensitivity of primary 2D cultures might not correlate to chemosensitivity of the 
patient. This could be a result of sampling bias and tumor heterogeneity, but can also be 
explained by a multitude of other factors such as the absence of an immune system and 
stromal cells, or the addition of growth factors and other supplements to the medium of 
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the primary cultures, which might interact with the treatment or alter drug sensitivity of the 
cells. Also, cells in 2D ex vivo might respond differently compared to cells that are organized 
in a three-dimensional (3D) micro-environment in the patient. These differences in response 
have already been observed for cell lines that have been cultures in 2D as well as 3D [36].

Subsequently, several other chemosensitivity assays have been developed that demonstrated 
more promising results than their predecessors. These include amongst others the methyl 
thiazolyl-diphenyl-tetrazolium bromide (MTT) assay, extreme drug resistance assay (EDRA), 
histoculture drug response assay (HDRA) and adenosine triphosphate bioluminescence (ATP) 
assay [37]. Despite these assays having been available for a relatively long time, none of 
them are used in daily practice. In 2004 the American Society of Clinical Oncology (ASCO) 
first published recommendations regarding the application of chemotherapy sensitivity and 
resistance assays (CSRAs) [38]. These were revised in 2011 but stated the same conclusion, 
specifically that the use of CSRAs is not recommended outside the clinical trial setting 
[35, 38]. Oncologists should base their treatment decisions on published literature of 
(randomized) clinical studies, whilst taking into account the preferences of the patient and 
their clinical health [35, 38]. These recommendations were based on an extensive review 
of the literature, where they specifically focused on trials with a sufficient sample size, that 
compared treatment outcome of empirically chosen versus CSRA-guided therapy [35, 38]. 
Whereas multiple efforts have been undertaken to evaluate the effectiveness of CSRA guided 
treatment, many studies did not meet these criteria, resulting in a mere five publications that 
were eligible for evaluation [35, 38]. These five publications demonstrated some advantages 
to the use of CSRAs to guide treatment, however, the evidence was not overwhelming. To 
illustrate, one of the studies (Cree et al.) reported an improved response rate in the CSRA 
group (40.5% versus 31.5%), however, this could have also been attributed to a higher 
incidence of combinatorial treatments in the CSRA arm [39]. 

A patient-derived cancer model that has also been extensively studied is patient-derived 
xenografts (PDX). PDX are generated by implanting tumor tissue of a patient in mice. In 
general, these mice are severely immunocompromised, in order to allow engraftment of the 
tumor [40, 41]. Many methods have been used to further enhance this engraftment rate, such 
as implanting the metastasis instead of the primary tumor, orthotopic versus subcutaneous 
implantation and supplementation with hormone pellets in case of hormone receptor positive 
breast cancer [40, 41]. PDX represent a solid model for tailoring treatment as the tumor 
retains important features, such as tissue architecture and biological properties [40]. Studies 
that have compared paired PDX and original tumor tissue, have demonstrated a high degree 
of concordance between copy number and mutational profiles, and gene expression profiles 
show no significant differences [40]. The only observed differences retain to immune function 
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and the stromal compartment [40]. This is not an unexpected finding however, considering 
murine stroma integrates in the tumor and PDX do not possess a functional immune system 
[40]. At present however, there are efforts ongoing to reconstitute the human immune 
system in PDX [41, 42]. This could be a very promising technique if it can be optimized to 
achieve a high take rate and reasonable time lines for clinical implementation [41]. Several 
studies have investigated the effect of different passages in PDX on drug sensitivity, showing 
stable responses and providing evidence that these models are very consistent [40]. Various 
studies have been conducted, either employing PDX to identify unique subsets of patients 
that respond to targeted inhibitors, correlating PDX treatment response with clinical data, 
or using PDX to guide therapeutic decision making, some of them with astounding results. 
Schütte et al. used PFX to identify molecular markers predictive for drug sensitivity to EGFR 
inhibition [43]. Pauli et al. incorporated PDX in a personalized medicine pipeline, to identify 
promising treatments for individual patients [44]. Zhang et al. derived PDX of breast cancer 
patients (take rate 21%) and compared treatment response of the mouse and the patient 
[45]. Of the thirteen pairs tested, twelve demonstrated matching drug sensitivity [45]. 
Hidalgo et al. developed PDX from fourteen patients with any refractory advanced tumor, and 
screened a total of 63 drugs in 232 regimens [46]. For twelve patients, the xenograft model 
was able to identify a promising treatment option [46]. Because one patient died before start 
of treatment, eleven patients were eventually treated with PDX-guided treatment [46]. Of 
the seventeen treatments that these patients received, fifteen resulted in durable partial 
responses [46]. Despite a remarkable response rate of 88%, the authors are still cautious 
with regard to widespread clinical implementation, as the process required large amounts 
of fresh tumor material, the procedures were very costly, and the additional propagation 
after engraftment took 6-8 months [46]. To summarize, PDX pose a valuable tool for drug 
discovery, biomarker identification as well as personalized medicine. Engraftment rates for 
PDX in general are more than sufficient, barring some tumor types, and promising clinical 
outcomes have been achieved. Technical challenges and expenses create the need for other 
3D models that are less labor intensive to maintain, and more accessible for large scale drug 
screens, but are equally adept at mimicking patient drug sensitivity. 

In 2009, Clevers and colleagues developed a 3D culture system that made it possible to 
culture healthy intestine in a dish [47, 48]. Subsequent to this groundbreaking discovery, they 
discovered that this culture system could also be used for other tissue types, both healthy and 
malignant [49-56]. Because these cultures very closely mimic the morphology of their tissue 
of origin, they were termed organoids. Organoid cultures can theoretically be derived from 
any individual patient (high take rate), are genetically highly representative of the original 
tissue, chromosomally stable in culture, and can be propagated indefinitely [43, 44, 56, 57]. 
Cultures can be established within one to two months, but the time to establishment can vary 
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between patients. The reason for this remains unknown, but could be related to the inherent 
growth rate of the original tumor. Because of their high take rate and improved timelines 
to produce drug sensitivity data, organoid cultures could provide a suited model system for 
assay-guided treatment. Most importantly however, because organoid cultures have a high 
take rate and can be propagated indefinitely, this model system can be adjusted, adapted 
and sculpted in such a way that it fits with patient data. This distinctive quality is essential for 
upcoming trials, evaluating if this technology can be introduced in standard patient care to 
guide therapeutic decision making. An extensive review on tumor organoids, their use in drug 
development, but also their translational potential, can be found in chapter 5.  

Personalized medicine also requires an individualized endpoint for 
treatment response 

Response Evaluation Criteria in Solid Tumors (RECIST) 1.1 are commonly used to determine 
the therapeutic effect of anti-cancer drugs [58]. RECIST-based parameters include Response 
Rate (RR), which is primarily used to determine if there is an increase or decrease in tumor 
diameter after the start of treatment, and Progression Free Survival (PFS), which is a 
longitudinal endpoint that evaluates the time until the patient reaches progressive disease 
under treatment [58]. RR is highly effective in determining clinical benefit from agents that 
are cytotoxic and induce significant tumor regression, such as chemotherapy. PFS on the 
other hand is best used in phase 3 randomized clinical studies, in which two treatment 
regimens are compared in a relatively homogeneous groups of patients. However, when 
evaluating clinical benefit in a more heterogeneous group, or for a drug that exerts its anti-
neoplastic effect by inducing delayed growth and/or intra-tumoral necrosis as opposed to 
tumor regression, both RR and PFS struggle to capture the therapeutic effect of the drug, due 
to their significant limitations. 
As a result, the field has come up with a number of different solutions and several novel 
endpoints have been developed. For Gastro-Intestinal Stromal Tumors (GIST) treated with 
imatinib, Schmidt et al. have proposed the Choi criteria, which take into account imatinib-
induced necrosis and have set a lower threshold for response [59]. Consequently, these 
criteria have also been modified for use in other tumor types such as Renal Cell Cancer (RCC) 
in a variety of studies [60-63]. Also, some compounds, such as immunomodulatory agents, 
give distinct patterns of response. Melanoma patients who are successfully treated with 
ipilimumab often show an initial increase in tumor size, subsequently followed by a reduction 
in tumor size [64]. This is called pseudoprogression and is the result of an influx of immune 
cells and tumor necrosis [64]. The Immune-Related (IR) response criteria have therefore 
included a CT scan post-progression to prevent wrongful discontinuation of treatment [64]. 
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Many newly developed targeted therapies result predominantly in delayed tumor growth, 
as opposed to tumor regression. When they are tested in a heterogeneous population with 
varying tumor growth rates and/or a non-randomized study design, it is difficult to assess 
their true therapeutic potential. For this group of drugs, it is essential to correctly establish 
if there is a drug-attributable decrease in tumor growth. And because this parameter can 
differ between tumor types, but also between patients, the use of an intra-patient control is 
the most elegant way to approach this. Ferte et al. and Von Hoff et al. have both developed 
a clinical trial endpoint, incorporating this aspect [65, 66]. The Tumor Growth Rate (TGR) 
endpoint by Ferte et al. compares the growth rate of the tumor on-treatment and the growth 
rate of the tumor in the wash-out period from the previous treatment [65]. The Progression 
Free Survival (PFS) Ratio by Von Hoff et al. on the other hand, compares the PFS on treatment 
to the PFS on the previous treatment [66]. Both are inventive approaches that commission the 
readily available, but retrospective data on natural growth kinetics. For PFS ratio, the biggest 
drawback in that respect, is that the success of the previous treatment is a big determinant of 
success for the treatment of interest. And despite the majority of patients having a relatively 
poor response to their last standard of care therapy, there remain those who experience 
a significant anti-tumor effect. Whereas this problem is not encountered when using TGR 
as efficacy endpoint, the TGR approach does raise the question if the wash-out period of 
the previous treatment is truly representative of natural growth kinetics. In this thesis, we 
introduce a novel method that harnesses volumetrics and an intra-patient control for tumor 
growth rate to determine patient benefit from treatment, the TTP ratio. 

Outline of this thesis

This thesis describes research in two different fields that have one similar goal, improved and 
rational treatment selection for individual patients. The first part of this thesis covers biomarker 
research, focusing on the identification of molecular aberrations predictive for sensitivity or 
resistance to treatment with everolimus, an mTOR inhibitor. This includes chapter 2, in which 
we discuss our efforts to identify the mechanism of response to everolimus in a patient with 
a metastatic PEComa, who achieved an astounding response to treatment. Chapter 3 and 4 
describe the results from the CPCT-03 study, a multicenter prospective intervention study 
in which patients with any advanced malignancy, who had no regular treatment options 
available, were treated with everolimus after undergoing a pre-treatment tumor biopsy. In 
chapter 3, we describe the molecular analyses that were performed on these pre-treatment 
tumor biopsies, and tried to identify predictors for treatment benefit with mTOR inhibition. 
Chapter 4 focuses on another personalized aspect of the CPCT-03 study. The CPCT-03 study 
is unique with regard to its design, by including an experimental efficacy endpoint, the 
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Time To Progression (TTP) ratio. The TTP ratio divides the time to tumor progression before 
start of treatment by the time to progression on treatment. It thereby compensates for the 
heterogeneous pool of tumor types with vastly different growth characteristics by use of an 
intra-patient control. Additionally, measurements are done volumetrically, allowing a more 
accurate detection of changes in tumor size. 

The second part of this thesis describes the translation of a compelling new technology to 
the clinic; the development of clinical trials to study the potential benefits of patient-derived 
tumor organoid cultures for personalized medicine. Chapter 5 offers a more extensive 
description of the organoid culture technique, how it compares to other preclinical cancer 
models, and discusses its implications for drug development. Chapter 6 describes the success 
rate of derivation of organoid cultures from needle biopsies and their genetic concordance 
with the original metastasis. These findings have paved the way for the development of two 
clinical studies that will evaluate the use of tumor organoid technology for the individual 
patient. Chapter 7 entails preliminary data from one of these trial, the TUMOROID study, 
where we compare patient and patient-derived tumor organoid response to chemotherapy. 
Chapter 8 describes the study design and first results of the SENSOR study, in which patients 
are treated with experimental targeted treatments based on a drug screen on patient-derived 
tumor organoids. 
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Abstract

Background/Aim:
Perivascular epithelioid cell tumors (PEComas) are rare mesenchymal neoplasms. The exact 
genetic alterations underlying the pathophysiology of PEComa are largely unknown, although 
it has been shown that activation of the Mammalian target of rapamycin (mTOR) signaling 
pathway plays a pivotal role. Here we describe the successful treatment of a patient with 
metastatic PEComa with the mTOR inhibitor everolimus and a comprehensive analysis to 
identify mechanisms for response. 

Materials and methods:
Immunohistochemistry, array comparative genomic hybridization (aCGH) and genetic 
analyses were performed. 

Results:
Immunohistochemistry confirmed constitutive activation of mTOR. aCGH revealed a 
hyperdiploid karyotype affecting large regions of the genome. Next-generation sequencing 
did not reveal any tumor-specific mutations in mTOR-related genes. 

Conclusion:
Our results show the complexity of determining causal genetic alterations that can predict 
responsiveness to mTOR inhibition, even for a tumor with a complete remission to this 
specific treatment.
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Introduction

Perivascular epithelioid cell tumors (PEComa) are rare mesenchymal neoplasms 
with perivascular epithelioid cell differentiation [67, 68], characterized by a unique 
immunohistochemical profile of melanocytic and myogenic markers [69]. The PEComa family 
comprises angiomyolipoma located in kidney or liver, clear cell ‘sugar’ tumor located in the 
lung, lymphangioleiomyomatosus and an assembly of uncommon neoplasms arising in skin, 
viscera or soft tissue [70].

The molecular mechanism underlying PEComas became apparent from the observation that 
lymphangioleiomyomatosus and angiomyolipoma often occurred in patients with tuberous 
sclerosis, a hereditary disease associated with genetic defects in Tuberous sclerosis 1 (TSC1) 
or TSC2, both inhibitors of Mammalian target of rapamycin (mTOR) [71, 72]. PEComas 
show constitutive mTOR activation, as shown by elevated phospho-mTOR and phospho-S6 
immunohistochemistry (IHC), but thus far no causal mutations in mTOR-related genes have 
been discovered, although gross chromosomal aberrations, including loss of chromosome 
16p containing the TSC2 gene, have been observed [73, 74]. 

Recently, three patients with PEC tumors were successfully treated with sirolimus, a selective 
mTOR-complex 1 inhibitor [72]. The choice of treatment was based on the predicted 
molecular pathophysiology of PEC-tumors: an aberrant activation of the mTOR pathway. 
All three tumors exhibited loss of expression of tuberin, the gene product of TSC2. Further 
investigation by multiplexed ligation-dependent probe amplification and fluorescent in situ 
hybridization demonstrated a homozygous loss of TSC1 in one of the three tumor specimens. 
Two out of three patients treated with sirolimus achieved a significant tumor reduction; 
one patient did not respond although an activated mTOR signaling pathway was confirmed 
by IHC. In other tumor types, phospho-S6 and phospho-mTOR IHC are also not strongly 
correlated with a clinical response to mTOR inhibition [75, 76]. On the contrary, Dickson et 
al. reported that the mutational analysis of four patients with a response to mTOR inhibition, 
by conventional Sanger sequencing, revealed a loss of heterozygosity of TSC2 in all four 
patients and a nonsense mutation of TSC2 in one [77]. In patients with metastatic bladder 
cancer, mutations in TSC1 have also shown a strong correlation with response to everolimus 
[78]. These findings suggest that genetic profiling of key signaling components of the mTOR 
pathway allows for improved stratification of patients suitable for mTOR inhibition compared 
to IHC, thereby increasing treatment efficiency. 
Here we describe a 56-year-old female patient with malignant PEComa who achieved a 
prolonged complete remission on everolimus treatment (3 years).
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Case report
The patient was diagnosed in 2006 with a tumor originating from the omentum. After complete 
resection (omentectomy and bilateral adnectomy), pathology classified it as a PEComa due 
to expression of CD99, myogenic and melanocytic markers. The patient was disease free 
until December 2008, when multiple recurrences localized in the liver, adrenal gland and 
peritoneal cavity were discovered. In March 2009, palliative chemotherapy was started with 
six cycles single-agent adriamycin (doxorubicin; 75 mg/m2/q3 weeks) with partial remission 
as best response. The tumor progressed six months after the start of treatment. Based on 
the reported successful treatment of PEComa by sirolimus, the patient was treated with the 
mTOR inhibitor everolimus (10 mg qd) and metastatic lesions were evaluated after three 
months [72]. All target lesions showed partial remission. Six months after start of treatment, 
a virtually complete remission (Figure 1A and B) was observed that was sustained for another 
two and a half years. Three years after the start of everolimus the patient developed hepatic 
and peritoneal metastases. A resection of liver segments 6/7 and the peritoneal lesions 
was performed (tumor-free margins <1 mm) and everolimus was reintroduced one month 
later. The patient was treated with everolimus for another year before progressive disease 
occurred.

Materials and methods

Tissue samples
The tumor specimen was obtained from the resected primary tumor (Formalin-fixed, paraffin-
embedded). A blood sample served as reference for germline variations. DNA was isolated 
from the primary tumor as described previously [79]. Tumor tissue and blood were collected 
through secondary use and therefore did not require ethical review. All samples were coded 
and anonymized.

Immunohistochemistry
Immunohistochemistry was performed using rabbit monoclonal antibodies for phospho-S6 
(#4857, 1:50, ARS pH 6, 1 h incubation; Cell Signaling, Danvers, MA, USA) and Phospho-
mTOR (#2976, 1:200, ARS pH 6, overnight incubation at 4˚C; Cell Signaling, Danvers, MA, 
USA). The BrightVision+poly-HRP detection system (ImmunoLogic DPVB110HRP, Duiven, the 
Netherlands) and DAB (Sigma-Aldrich D5637, St. Louis, MO, USA) were used for staining. 
Positive control: ductal carcinoma (human epidermal growth factor receptor “HER2neu+”), 
negative control: healthy breast tissue.
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Array comparative genomic hybridization
Genomic DNA (600 ng) of both tumor and blood were labeled with Cy3 and Cy5 respectively 
(#ENZ-42670; Enzo Life Sciences, Farmingdale, NY, USA). Samples were pooled equimolarly 
and subsequently hybridized to a NimbleGen (Basel, Switzerland) 12X135K CGH array (20 
kb resolution) according to manufacturers’ protocol. Segment analysis was performed by 
determining the Cy3/Cy5 ratio at 532/635 nm. Due to a hyperdiploid karyotype resulting in 
a downward shift of the baseline, a log2ratio of ≥0.15 is classified as a gain (≤−0.45 as a loss).

Sequencing of mTOR-related genes
Library preparation was performed according to Nijman et al. [80]. Briefly, 500 ng per sample 
(primary tumor and healthy blood) was fragmented and blunt-ended, followed by barcoded-
adaptor ligation. After amplification and size selection, equimolar amounts of samples were 
pooled, followed by multiplexed sequence enrichment using a custom designed SureSelect 
sequence enrichment kit (Agilent, Santa Clara, CA, USA) according to methods established 

Figure 1. Computed tomographic (CT) imaging and immunohistochemistry of metastatic perivascular epithelioid 
cell tumor. A:  The baseline CT scan showing a large lesion dorsal of the liver. B: The CT scan taken after 6 months of 
treatment with everolimus and demonstrates a complete remission. Immunohistochemical analysis of phospho-S6 
(C) and phospho-mammalian target of rapamycin (mTOR) (D). Both portray diffuse cytoplasmic staining indicating 
ectopic activation of the mTOR signaling pathway. Magnification, ×200.
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by Harakalova et al [81]. Samples were subsequently processed using the EZbead system 
and sequenced on the SOLiD4 sequencing platform according to standard protocols (Life 
Technologies, Carlsbad, CA, USA). 

Sequence reads were mapped against the reference genome build hg19 using BWA [82]. 
Custom scripts were used to detect and annotate variants with different stringency criteria. 
All calls with less than 20× or more than 2000× coverage were removed, as well as all calls 
with a base-quality below 10. Only reads mapped to a unique location in the genome were 
allowed. A maximum of 5 identical reads were allowed to filter out the effects of clonality. 
The variant was required to be found at least three times in the seed of the read (first 25 
bases), to have at least three independent start sites, and the percentage of forward calls 
compared to the reverse calls or vice versa was at least 10%. The minimum variant frequency 
was set at 20%. To identify somatic mutations, all variants identified in both tumor and blood 
were excluded from further analysis.

Sanger sequencing was used to validate identified mutations by SOLiD sequencing and 
resequence TSC1 and TSC2 to confirm the absence of mutations.

Results

In search of a predictive genetic profile for mTOR inhibition, we first confirmed constitutive 
activation of mTOR by IHC staining of phospho-mTOR and phospho-S6. (Figure 1B). 
Subsequently, aCGH analysis identified gross chromosomal aberrations (Figure 2), showing 
that a substantial part of the genome was duplicated (3n), with only a very limited number 
of focal deletions (none of which involved mTOR-related genes). Previous CGH analysis on 
PEComa showed a recurrent loss of 16p13 in the majority of patients [73, 74], which was not 
observed in this patient. Due to this severe aneuploidy, we were unable to identify a single 
genomic region explaining activation of the mTOR pathway.

To determine whether single nucleotide variations could activate mTOR, we sequenced all 
genes functioning in the mTOR signaling pathway using next-generation sequencing for 2000 
cancer-related 

To determine whether single nucleotide variations could activate mTOR, we sequenced all 
genes functioning in the mTOR signaling pathway using next-generation sequencing for 2000 
cancer-related genes (Gene list is provided in Supplemental Table 1; sequence statistics in 
Table 1; sequence statistics specific for genes directly involved in mTOR signaling in Table 2). 
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Data analysis did not identify somatic mutations in mTOR-related genes, potentially activating 
the pathway (see Table 3). Due to the low percentage of uniquely mapped genes for TSC2 and 
the overall importance of TSC1 and TSC2 for mTOR signaling, both genes were re-sequenced 
using the Sanger method, confirming the absence of somatic mutations. 

Gene all reads uniquely mapped reads
%cov %cov ≥ 20 %cov %cov ≥ 20

MTOR 96,55% 92,45% 96,55% 92,45%
PTEN 100,00% 99,92% 81,67% 79,50%
RHEB 97,15% 91,93% 96,99% 90,66%
TSC2 91,20% 57,13% 91,20% 57,13%
PIK3CA 100,00% 100,00% 93,35% 93,60%
RICTOR 99,69% 98,15% 99,69% 98,15%
RPTOR 98,50% 79,80% 98,50% 79,80%
AKT1 98,81% 60,69% 98,81% 60,69%
TSC1 100,00% 95,17% 100,00% 95,17%

Table 2. Sequencing statistics for genes directly involved in mTOR signaling

Discussion

This case report shows the effectiveness of inhibiting mTOR activity by everolimus in 
treating PEComa. Although a very strong therapeutic response of tumor load was observed 
in this patient, we still face major challenges in understanding, and ultimately predicting, 
therapy response. Even with knowledge on the driving signaling pathway, we did not find 
one single genetic alteration explaining this observation. There are multiple scenarios 
possibly explaining this: i) our knowledge of the complexity of genes regulating the mTOR 
signaling pathway is incomplete; ii) our knowledge of interactions between different signaling 
pathways is incomplete; iii) large-scale genomic instability (copy number variants) affects 
the expression level of (various) genes; iv) structural variations, such as translocations, are 
driving tumorigenesis; v) disturbed epigenetic regulation of chromosomal organization might 

Table 1. Sequencing statistics

 PEComa Reference

Total number of reads 35,630,848 28,694,234
Percentage of reads mapped 76% 79%
Mapped on target (%) 23,045,280 (65%) 18,675,848 (65%)
Target coverage 94.8% 93.3%
Target coverage >20 80.8% 79.8% 
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be affected; vi) everolimus does not exclusively inhibit the mTOR pathway; vii) mutations in 
mTOR-related genes were not identified on account of sequencing low-quality DNA due to 
formalin fixation; or viii) there are genetic differences between the primary tumor and its 
metastases. In summary, our data illustrate the complexity of determining genetic events 
underlying treatment response. To fully exploit the potential of next-generation sequencing 
technology in order to establish personalized cancer treatment, we require high-quality 
(fresh frozen) pre-treatment sampling of metastatic lesions, allowing comprehensive analysis 
of genetic alterations in combination with treatment response data of the patient. Ultimately, 
combining various datasets, will enable us to identify more biomarkers for response or 
resistance, tailoring cancer treatment based on the individual genomic profile.

Gene Gene name Mutation Type

IKBKE inhibitor of kappa light polypeptide gene 
enhancer in B-cells, kinase epsilon

P713L Known (rs3748022)

SMC1B structural maintenance of chromosomes 1B F1055L Known (rs61735519)
SREBF1 sterol regulatory element binding transcription 

factor 1
Non-essential splice site Known (rs11868035)

TCF4 transcription factor 4 H398Y Novel
CASP9 caspase 9, apoptosis-related cysteine 

peptidase
Q221R Known (rs1052576)

COL4A4 collagen, type IV, alpha 4 P482S Known (rs2229814)
MAP2K7 mitogen-activated protein kinase 7 Intronic - undefined Known (rs10412007)

Table 3. Somatic mutations identified by SOLiD4 sequencing.
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Abstract

Background: 
In this study, our aim was to identify molecular aberrations predictive for response to 
everolimus, an mTOR inhibitor, regardless of tumor type. 

Methods: 
To generate hypotheses about potential markers for sensitivity to mTOR inhibition, drug 
sensitivity and genomic profiles of 835 cell lines were analyzed. Subsequently, a multicenter 
study was conducted. Patients with advanced solid tumors lacking standard of care treatment 
options were included and underwent a pre-treatment tumor biopsy to enable DNA 
sequencing of 1,977 genes, derive copy number profiles and determine activation status of 
pS6 and pERK. Treatment benefit was determined according to TTP ratio and RECIST. We 
tested for associations between treatment benefit and single molecular aberrations, clusters 
of aberrations and pathway perturbation. 

Results: 
Cell line screens indicated several genes, such as PTEN (P=0.016; Wald test), to be associated 
with sensitivity to mTOR inhibition. Subsequently 73 patients were included, of which 59 
started treatment with everolimus. Response and molecular data were available from 43 
patients. PTEN aberrations, i.e. copy number loss or mutation, were associated with treatment 
benefit (P=0.046; Fisher’s exact test). 

Conclusion: 
Loss-of-function aberrations in PTEN potentially represent a tumor type agnostic biomarker 
for benefit from everolimus and warrants further confirmation in subsequent studies. 
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Introduction

The introduction of targeted therapy has been accompanied by an intensive search for 
biomarkers to select patients for treatment. The identification of companion diagnostics may 
improve treatment outcomes and cost-effectiveness of increasingly expensive oncolytic drugs. 
Several powerful biomarker-drug combinations have been introduced in the clinic, such as 
crizotinib in ALK mutant lung cancer and vemurafenib in BRAF V600E mutant melanoma [18, 
83]. For these treatments, evident tumor regression can be observed in selected populations. 
However, for drugs that induce disease stabilization, such as everolimus, it is more difficult 
to determine treatment benefit. Everolimus is an orally administered drug with proven 
efficacy in advanced clear cell renal cell carcinoma, neuroendocrine tumors and breast 
cancer [84-87]. Everolimus inhibits the mammalian Target of Rapamycin (mTOR) pathway 
and its downstream substrates, S6K and 4EBP1, which promote cell growth, proliferation and 
survival [88]. mTOR can be activated by upstream pathways such as the MAPK pathway and 
the AKT/PI3K pathway [88]. Previous studies have described several genetic aberrations that 
might be predictive for response t o mTOR inhibition such as mutations in or loss of PIK3CA, 
PTEN, TSC and KRAS [72, 78, 89-101].  

These genetic aberrations in the mTOR pathway and its interconnected pathways are 
present across many different tumor types (COSMIC database). It is therefore reasonable to 
believe that patients with other tumor types harboring the proper molecular profile might 
also benefit from treatment [78, 102]. Unfortunately, despite extensive knowledge on the 
mechanism of action of everolimus, no tissue broad biomarkers have yet been identified and 
clinically validated.

To address this issue, we revised genomic profiles and drug sensitivity of 835 cell lines to 
generate hypothesis about potential biomarkers, and conducted a prospective biomarker 
identification study for everolimus. This study was conducted by the Center for Personalized 
Cancer Treatment (www.cpct.nl), a large consortium of hospitals in the Netherlands devoted 
to personalized medicine.

Methods 

Cell line data 
Genetic profiles and drug sensitivity measurements of cell lines treated with the mTOR inhibitor 
temsirolimus were analyzed for potential biomarkers for treatment. This dataset (GDSC1000 
v17a) was downloaded from http://cancerrxgene.org/gdsc1000/Pharmacogenomic_
interactions.html [103].
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Patients 
The CPCT-03 study was an open-label, single arm, biomarker study. The primary objective was 
to identify genetic predictors for response to mTOR inhibition by everolimus. Patients with 
advanced solid malignancies without regular treatment options were eligible for inclusion. 
Inclusion and exclusion criteria, as well as detailed information on everolimus treatment, 
safety assessments and study design have been described previously [104]. The protocol 
was approved by the Institutional Review Board of The Netherlands Cancer Institute and 
complied with the Declaration of Helsinki, Dutch law and Good Clinical Practice guidelines. All 
patients provided written informed consent prior to study-related procedures. Patients were 
accrued at the Netherlands Cancer Institute, UMC Utrecht Cancer Center, and Erasmus MC 
Cancer Institute. The study was registered on ClinicalTrials.gov (NCT01566279).

Clinical Efficacy assessments 
Efficacy was measured according to three endpoints, TTP ratio, Response Rate (RR) and 
Progression-free survival (PFS). The TTP ratio uses an intra-patient control to correct for 
natural tumor growth rate and has been described previously by Cirkel et al. [104]. 
Tumor biopsy 
After inclusion, all patients underwent a pre-treatment histological tumor biopsy of a 
metastatic lesion. A post-treatment tumor biopsy was optional. Biopsies were snap-frozen 
and stored at -80°C. Safety and feasibility of the CPCT ‘biopsy pipeline’ has been described 
by Bins et al. [105]. Blood samples (10mL) were collected in K2EDTA tubes, as a reference to 
determine somatic mutations. 

Evaluability
Patients evaluable according to either RECIST or TTP ratio were evaluable for biomarker 
analyses in case of an adequate tumor biopsy (tumor percentage ≥30% and DNA yield 
≥500ng).

DNA sequencing
Histological assessment to confirm the presence of tumor cells and mark regions with high 
tumor cellularity for macro-dissection was performed by a pathologist (S.W.). DNA was 
extracted from whole blood and macro-dissected tumor sections. Barcoded libraries were 
generated as previously described and enriched for a “Cancer mini-genome” of 1,977 cancer 
genes, based on Vermaat et al. and Hoogstraat et al. [81, 106, 107]. Enriched libraries 
were sequenced to an average coverage of 150x on a SOLiD 5500xl instrument according 
to manufacturer’s protocol. Whole exome sequencing was performed for six patients using 
the NextSeq 500 v2 as our sequencing facility switched platforms. Somatic mutations were 
validated with the Ion Ampliseq Cancer Panel or custom-made primers for mTOR-related 
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genes. Mapping, variant calling and annotation was done as previously described [106]. Sam 
tools mpileup was used to ensure the absence or presence of a variant in a given sample 
[108]. Copy number profiles were generated using CNVkit [109]. Detailed information 
on sequencing methods and bioinformatics pipelines can be reviewed in online-only 
supplementary materials.

Immunohistochemistry
In order to determine activation of mTOR and interconnected pathways, all available biopsies 
(N=33) were stained for phospho-S6 and phospho-ERK. Phospho-S6 is a marker for activation 
of mTOR, pERK is a marker for MAPK pathway activation. Slides were scored for intensity (0-
3) and percentage of positive tumor cells by a pathologist blinded for treatment outcome. 

Statistical analyses
No formal sample size calculation was performed due to an unknown expected RR of a 
heterogeneous group of tumors with unknown frequencies of genetic aberrations that 
might be predictive for response. The study was open for accrual of 60 evaluable patients 
or 15 evaluable TTP ratio responders. R (version 3.2.1) was used for downstream analyses 
of mutations and copy number variation, and to detect associations between genetic 
variation, tumor type and treatment response. All genetic aberrations (copy number gain, 
loss or mutation) were encoded as binary variables, where 0 = absence and 1 = presence 
of the mutation. On the cell line data, elastic net feature selection was performed using the 
R-package glmnet [110]. We used linear models to assess the significance of the presence 
of (multiple) genetic aberrations while correcting for tumor type and ANOVA to determine 
the effect of tissue type on treatment response. Univariate analyses of single genes within 
specified tumor types were done using one- or two-tailed t-tests, depending on context. 
If previous data or literature had already provided an indication of the direction of the 
effect, a one-tailed test was used. In our patient data, we tested associations between single 
variables and response using Fisher’s exact test and associations between multiple variables 
and outcome were modeled using logistic regression. We assessed pathway enrichment of 
genetic variation in responders and non-responders as described previously [111]. Briefly, we 
used the Kyoto Encyclopedia of Genes and Genomes (KEGG) to define pathways. A pathway 
was considered to be affected if at least one of its genes was found mutated. We performed 
the Fisher’s exact test to correlate pathway activation and treatment response.
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Results 

Exploration of cell line data
The GDSC1000 cell line data from the Sanger Institute was used to search for potential markers 
for treatment sensitivity. As everolimus was not screened, we used the rapamycin analog 
temsirolimus as a proxy. IC50 values for temsirolimus were available for 835 cell lines, and 
sensitivity differed significantly between tumor types (p < 0.001; ANOVA). Specifically, non-
small cell lung cancer (NSCLC), neuroblastoma, pancreatic and colon tumor cell lines were 
in general more resistant than e.g. kidney and bladder tumors (Suppl. Fig. 1). After selecting 
only solid tumors and correcting for tissue of origin, the elastic net analysis identified a small 
number of genetic aberrations that could be associated with response: PTEN mutations, 
FGFR2 mutations and CDKN2A loss were associated with increased sensitivity (Table 1). Gains 
in CCNE1 and ERCC5, as well as mutations in RB1, HGF, SOX9 and CIC were associated with 
temsirolimus resistance (Table 1). The strongest effect was seen for CCNE1 gain and FGFR2 
mutations. Gain of CCNE1 was observed in 48 cell lines including breast (10/42) and NSCLC 
(11/100). Only within breast cancer cell lines, was CCNE1 gain alone also associated with 
temsirolimus resistance (P=0.010; one-tailed t-test). FGFR2 mutations were only observed in 
eight cell lines, distributed over seven tumor types. 

Next, we focused on genes in the mTOR pathway or genes previously reported in association 
with sensitivity to mTOR inhibition. In our model including all tumor types, both PIK3CA 
and PTEN mutations were associated with increased sensitivity (P=0.041 and P=0.016, 
respectively; Wald test) (Table 1). PIK3CA mutations were most common in breast, NSCLC, 
ovarian, stomach, colorectal and aerodigestive tract tumor cell lines. PTEN mutations were 
also frequently observed in endometrial tumors. Within those subtypes, PIK3CA mutations 
were only associated with temsirolimus sensitivity in tumor cells from the aerodigestive tract 
(P=0.014; one-tailed t-test) and cervical tumor cell lines (P=0.023), but no such association 
could be seen for PIK3CA mutation status in breast cancer (P=0.411), and an opposite effect 
was observed in endometrial cancer (P=0.053). PTEN mutations were significantly associated 
with response in ovarian (P=0.0211) and endometrial tumor cells (P=0.031), but not in breast 
cancer or colorectal cancer cell lines (P=0.278 and P=0.423, respectively).

Patient baseline data
A total of 73 patients were included in the study. Seventy-one (97%) patients underwent 
a tumor biopsy according to protocol. Fifty-nine patients (81%) started treatment with 
everolimus, of whom 43 (59%) were evaluable for efficacy according to TTP ratio and 51 
(70%) for efficacy according to RECIST. Tumor material sufficient for sequencing analysis 
was obtained in 37 patients (51%) of the TTP cohort and 43 patients (59%) of the RECIST 
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cohort (Fig. 1). Nine biopsies were insufficient for sequencing due to a low or absent tumor 
percentage. Six biopsies were insufficient due to a low DNA yield. We obtained sequence 
data of 1,977 genes for 38 patients, and whole exome sequencing data for five patients. The 
sequencing data reached an average coverage of 159x. All 43 patients were also sequenced 
on the IonTorrent (panel of 50 genes and custom-made primers for mTOR pathway related 
genes) to validate the mutations. Baseline characteristics of the patients are described in 
Table 2.

A. genetic aberration Estimate Std Error t-value Pr(>|t|) sign level

FGFR2_mut -2,014 0,505 -3,989 0,000 ***
CCNE1 gain 0,897 0,242 3,714 0,000 ***
PTEN_mut -0,536 0,192 -2,788 0,005 **
CDKN2A loss -0,307 0,116 -2,645 0,008 **
RB1_mut 0,486 0,198 2,447 0,015 *
CIC_mut 1,324 0,550 2,408 0,016 *
gain_cnaPANCAN384_,ERCC5,ING1,IRS2,TFDP1 0,523 0,223 2,346 0,019 *
SRGAP3 loss 0,328 0,141 2,334 0,020 *
loss_cnaPANCAN216 0,724 0,313 2,313 0,021 *
HGF_mut 1,408 0,700 2,011 0,045 *
SOX9_mut 1,048 0,544 1,927 0,054 .

B. genetic aberration Estimate Std Error t-value Pr(>|t|) sign level

PTEN_mut -0,457 0,189 -2,422 0,016 *

PIK3CA_mut -0,384 0,188 -2,044 0,041 *
gain_cnaPANCAN164_,KRAS, 0,285 0,171 1,660 0,097 .
gain_cnaPANCAN395_,AKT1,HSP90AA1,PPP2R5C 0,411 0,316 1,298 0,195  
loss_cnaPANCAN44_,BMPR1A,FAS,PTEN -0,208 0,183 -1,137 0,256  
KRAS_mut -0,193 0,195 -0,985 0,325  
TSC1_mut 0,307 0,490 0,627 0,531  
gain_cnaPANCAN129_,MET 0,092 0,195 0,470 0,639  
EGFR_mut -0,037 0,340 -0,110 0,912  
gain_cnaPANCAN301_,CDK12,ERBB2,MED24 -0,018 0,246 -0,071 0,943  
gain_cnaPANCAN124_,EGFR 0,010 0,180 0,055 0,956  

Table 1. Cell line data – This table illustrates genetic aberrations that could potentially predict sensitivity to mTOR 
inhibition, based on an in vitro drug screen with temsirolimus. Part A of the table demonstrates the relation between 
genetic aberrations and sensitivity to temsirolimus, corrected for tumor type and excluding blood cell tumors. Part 
B shows similar data, but is analyzed per gene and specifically directed at genetic aberrations previously associated 
with sensitivity to mTOR inhibition.
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Tumor mutation and copy number data
We detected on average sixteen somatic mutations per patient in the 1,977 gene set (range 
zero to eighty-six). The most frequently mutated genes included TP53 (N=24), APC (N=9), 
KRAS (N=9) and PIK3CA (N=7). In addition, we detected copy number gains and amplification 
of several well-known oncogenes such as ERBB2 (N=6), PIK3CA (N=4), CCND1 (N=3), MYC 
(N=3), EGFR (N=2), MET (N=2), MDM2 (N=2) and KRAS (N=1), and amplification of TERT in 5 
samples. Losses were detected of SMAD4 and CDKN2A (both N=8), TP53 (N=5), APC (N=5), 
PTEN, VHL and RB1 (all N=4), and specifically TSC1 (N=3) and TSC2 (N=1). 

Figure 1. Evaluability of patients – This figure illustrates the evaluability of patients for the biomarker analyses. A 
single patient can be evaluable according to both RECIST and TTP ratio. Abbreviations: IC, Informed Consent; PD, 
Progressive Disease.

Genomic variations and treatment response in patients 
When exploring the cell line data, several hypotheses were generated with regard to the 
correlation between genomic aberrations and treatment response. The first step was to 
evaluate if these hypotheses could be tested in our patient data set. The rest of the paragraph 
is focused on TTP ratio assessment, because only one patient had a RECIST response, and 
because PFS is a longitudinal endpoint similar to TTP ratio, but without the correction for 
individual tumor growth rate. 

In vitro data suggested increased resistance to mTOR inhibitors in the presence of a gain of 
CCNE1 or mutation in RB1. In our patient data however, all patients with a gain of CCNE1 
(N=2) or mutation in RB1 (N=2) had clinical benefit from treatment (defined as TTP ratio 
response) (Table 3, Suppl. Table 1). Mutations in FGFR2, PTEN and loss of CDKN2A were 
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associated with increased sensitivity to mTOR inhibition in vitro. In our patient data set, there 
was only one patient with a loss of FGFR2, this patient had a favorable outcome in terms 
of TTP ratio. Loss of CDKN2A (N=7) was not correlated with TTP ratio response (either as a 
binary outcome or as a continuous outcome). Five patients had either a mutation or copy 
number loss of PTEN. Despite the fact that it was only possible to generate a TTP ratio for 
three of these patients (which classified them as responders) the other two patients also had 
clinical signs of a treatment effect: in one patient, central necrosis of all target lesions was 
observed at first response evaluation whereas the other patient had a PFS of 90 weeks, with 
a TTP1 period of 23 weeks. This patient was not evaluable for TTP ratio analysis, due to loss 
of volumetric measurability. When categorizing these five patients as responders, there was 
a significant correlation between treatment response and PTEN status (P=0.046; one-tailed 
Fisher’s exact test). It should be noted however that these PTEN aberrations often coincided 
with other mTOR pathway related mutations (Suppl. Table 1). PIK3CA was also associated with 
increased sensitivity to mTOR inhibition in vitro. However, we could not find an association in 
our patient data (seven responders versus three non-responders). 

Using an unbiased, overall analysis, no other somatic mutations or copy number alterations 
showed a significant correlation with response. Similarly, combining genetic aberrations 
or comparing somatic mutations on the pathway level did not yield significant results. To 
evaluate if genetic aberrations had a downstream effect by activating respectively the mTOR 
or MAPK pathway, we evaluated pS6 and pERK status. However, when incorporating pS6 
and pERK status in previously mentioned analyses, we were still not able to predict clinical 
benefit, nor were pS6 and pERK predictive for response as single markers. 

When focusing on mTOR (or interconnected) pathway related genes, we observed an 
equal distribution of responders and non-responders in KRAS mutated patients. This equal 
distribution was also observed in patients with other MAPK mutated genes. More directly 
upstream of MTOR are TSC1 and TSC2. One breast cancer patient harbored a missense TSC1 
mutation and indeed responded to everolimus. Four tumor samples showed copy number 
loss or a mutation of TSC1 and one tumor showed loss of TSC2; these events were evenly 
divided over responders and non-responders. 
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Demographic or Clinical 
Characteristic 

No. of 
patients 

% Demographic or Clinical 
Characteristic

No. of 
patients

%

No. of patients 43  No. of previous treatments 
  1 
  2 
  3

  >3

9
5
4

25

20.9
11.6

9.3
58.2

Sex 
  Male

 
26

 
60.5

Age, years
  Mean 
  Range 

 
60

31 – 79
WHO PS
  0 
  1 
  2 
  Missing 

 
14
26

1
2

 
32.6
60.5

2.3
4.7 

Biopsy characteristics
Tumor percentage
   - Median
   - SD
DNA yield (ng)
   - Median
   - SD

60
23

1440
2123

Primary tumor 
  Colorectal
  NET 
  Esophageal
  Breast
  NSCLC
  Ovarian 
  Renal cell
  Sarcoma  
  Cervical
  Head and Neck
  Bladder 
  Mesothelioma
  Thyroid
  Thymoma
  Gastric
  Pancreatic
  Melanoma
  Unknown origin 

 
12

7
4
3
2
2
2
1
1
1
1
1
1
1
1
1
1
1

 
27.9
16.3

9.3
7.0
4.7
4.7
4.7
2.3
2.3
2.3
2.3
2.3
2.3
2.3
2.3
2.3
2.3
2.3

Table 2. Baseline characteristics – This table contains the baseline characteristics of all patients of whom both 
molecular and clinical response data was available. DNA yield is depicted in nanogram.

Pre- and post-treatment comparison 
Nine patients underwent a post-treatment biopsy procedure, of which four biopsies were 
of sufficient quality for DNA sequencing. Two of these patients had a TTP ratio response. 
In patient #1 (breast cancer), no resistance mechanisms were detected. Patient #2’s tumor 
initially harbored a very focal, high level amplification of the MET proto-oncogene (Fig. 2). 
During treatment this amplification was clearly reduced, while a second high level gain on 
chromosome 7 appeared, i.e. affecting BRAF. 
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Gene Clinical benefit Statistics
 Yes No p value

KRAS 5 5 .327
PIK3CA 7 3 .377
MAPK 5 4 .623
CDKN2A 5 2 .326
PTEN 5 0 .046*
ERBB2 3 2 .625
TSC1 2 2 NA
AKT 2 0 NA
CCNE1 2 0 NA
RB1 2 0 NA
TSC2 1 0 NA
MTOR 1 0 NA
FGFR2 1 0 NA

Table 3. Genetic aberrations and response – This table contains the number of patients that have, or have not 
experienced clinical benefit from treatment, stratified per afflicted gene. 

  

Discussion

In this study, we found that copy number loss or mutation of PTEN was associated with 
treatment benefit of everolimus, suggesting that PTEN status could be a predictive biomarker 
for benefit from treatment. PTEN was frequently speculated to be a marker of interest, 
however, most clinical biomarker studies did not find a significant correlation with response 
[89, 90, 92, 93, 95, 98, 99]. This could be a result of the method used to determine PTEN 
status, as many studies used immunohistochemistry instead of DNA sequencing. Janku et 
al. were one of the few to combine immunohistochemistry and DNA sequencing in their 
biomarker study and had similar findings to our study [95]. Furthermore, this was the first 
study to employ an intra-patient control to determine treatment benefit. These findings 
should be further confirmed in other trial designs, such as basket studies. 

Although currently published (pre-)clinical data report contradictory results, KRAS and 
PIK3CA mutation status have previously been associated with respectively resistance and 
sensitivity to mTOR inhibition in particular tumor types. In our dataset, we did not observe an 
association between mutations in either of these genes and treatment response. However, 
the sample size of this study is insufficient to make any statements regarding the absence of 
such an association. 



46 | Chapter 3

Interestingly, a new amplification of wild-type BRAF was identified in a post-treatment 
biopsy, suggestive of a potential mechanism of resistance to mTOR inhibition. This tumor 
had a pre-treatment MET amplification. Both MET and BRAF can activate the MAPK-signaling 
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Figure 2. Pre-post treatment biopsy – This figure demonstrates the copy number profile of chromosome 7 in patient 
#2 pre-treatment and post-treatment. Pre-treatment, there is an amplification of MET. This amplification is not 
present in the post-treatment biopsy. Instead, there is an amplification of BRAF wild-type.
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pathway, but while MET functions upstream of mTOR, BRAF is just downstream of mTOR/Akt 
so activation of MAPK at this level circumvents the possible effect of mTOR inhibition. This 
data illustrates, that although post-treatment biopsies are difficult to acquire, they do provide 
hypothesis-generating information. 

While this study yielded interesting findings and the data produced will be released to large 
sequencing databases to facilitate data sharing in further biomarker discovery efforts, there 
is an important side note. This study was drafted and implemented five years ago, when 
next generation sequencing technology had only just found its way to research centers and 
hospitals worldwide. The unprecedented wealth of genetic information fueled faith and 
optimism to identify markers for response and select patients for treatment. The past years 
have revealed that the implementation of genomics-based personalized medicine is not as 
simple as initially thought [22]. Complicating factors are amongst others varying degrees 
of tumor type dependence for the efficacy of biomarker-drug combinations, discrepancies 
between in vitro and in-patient findings, and a lower than expected incidence of actionable 
mutations [22]. In our study, the discrepancies between in vitro and in-patient findings can 
also be a result of the use of different mTOR inhibitors. Negative results for the first large 
genotype-matched drug trial (SHIVA), where context, i.c. tumor type, dependence was not 
taken into account, have also raised concerns [22, 31]. Another major hurdle is, that for many 
targeted agents, there are no established biomarkers. To identify single (or combinations of) 
molecular alterations that can predict treatment outcome, other study designs with more 
homogeneous patient groups (basket trials) or large cohorts of patients (>1000) are necessary 
[112, 113]. The latter can only be achieved by world-wide collaborations and sharing of data 
[114]. National- and worldwide sequencing initiatives such as the CPCT or project GENIE 
(by the American Association of Cancer Research) have been established to facilitate these 
efforts [114]. And whereas many of these efforts mainly focus on genomics-based analyses, 
we should aim to incorporate other types of analyses such as transcriptomics or proteomics. 

To conclude, this study identified an association between PTEN status and treatment benefit 
from everolimus, identifying PTEN status as a potential biomarker for everolimus therapy. 
BRAF wildtype amplification could be a potential mechanism of resistance. 
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Supplemental figure 1. Tumor type and in vitro response
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Supplemental methods

DNA sequencing
DNA was extracted from 500µl whole blood and from 20µm macro-dissected tumor sections 
using NorDiag Arrow (Isogen Life Science, De Meern, the Netherlands). DNA was quantified 
with Qubit 2.0 fluorometer® (Life Technologies, Carlsbad CA, USA). Single nucleotide variants 
(SNVs) and small insertions/deletions (indels) were detected in a designed “Cancer mini-
genome” consisting of 1,977 cancer genes, based on Vermaat et al. and Hoogstraat et 
al. [106, 107]. Barcoded fragment libraries were generated from 500ng DNA from tumor 
and control blood samples as previously described [81]. Pools of libraries were enriched 
for this gene set using SureSelect technology (Agilent Technologies, Santa Clara California, 
USA). Enriched libraries were sequenced to an average coverage of 150x on a SOLiD 5500xl 
instrument according to manufacturer’s protocol. 

Whole exome sequencing was performed on samples from six patients using the NextSeq 500 
v2 by Illumina (San Diego CA, USA) as our sequencing facility switched to another sequencing 
platform. Barcoded libraries were derived using the KAPA DNA library kit (KAPA Biosystems, 
London, UK). Barcoded adaptors were from NEXTflex-96™DNA. Barcoded adaptors by 
Bioo Scientific (Austin TX, USA). Samples were enriched whole exome using the SureSelect 
technology All Exon V5 kit (Agilent Technologies, Santa Clara California, USA) and sequenced 
to an average coverage of 75x (reference) and 150x (tumor). Mapping, variant calling and 
annotation was done as previously described [106]. Somatic variants were extracted by 
comparing variant lists of both tumor and control samples and subsequently genotyping 
discordant positions in the raw datasets of all three samples using sam tools mpileup to 
ensure the absence or presence of the variant in a given sample [108]. Copy number profiles 
based on the targeted sequencing data were generated using CNVkit [109].

All samples were also analyzed using the Ion Ampliseq Cancer Panel (Thermo Fisher 
Scientific, Waltham MA, USA) to validate findings from SOLiD and Illumina sequencing 
and were processed according to manufacturer’s protocol. Each sample was barcoded 
using the Ion Express barcoded adapters (Thermo Fisher Scientific, Waltham MA, USA) 
allowing multiplexed sequencing. A total of 16 PCR cycles were performed on fresh frozen 
samples, plus an additional 5 cycles at the end of the library prep to obtain sufficient DNA 
for sequencing. Libraries were quantified using the Qubit fluorometer (Life Technologies, 
Carlsbad CA, USA), pooled, and diluted to a concentration of 0.00104ng/µl, which was 
further processed for sequencing using the Ion OneTouch (Life Technologies, Carlsbad CA, 
USA). Samples were sequenced on a 318v2 chip, allowing the simultaneous sequencing of 
fourteen samples per run, aiming for a minimum average coverage of 1000x per sample. Base 
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calling and alignment of the IonTorrent sequencing data were performed using the standard 
Ion Torrent software (Torrent suite 4.0). Mutations in mTOR pathway related genes that were 
not included in the Ion Ampliseq Cancer Panel were validated using custom-made primers 
(pcr fragments between 100-200 basepairs). Library prep and barcoding was done using 
the KAPA high throughput Library prep kit (KAPA Biosystems: KK8234) without the a-tailing 
reaction. For each sample 2.5µl universal and 2.5µl barcoded IonTorrent adapors was used 
and the libraries were amplified using 5µl primermix and 7 PCR cycles.

Immunohistochemistry
In order to determine activation of mTOR and interconnected pathways, all available 
biopsies (N=33) were stained for phospho-S6 (Phospho-S6 Ribosomal (Ser240/244) by Cell 
Signaling Technologies, Danvers MA, USA) and phospho-ERK (Phospho-P44/42 (Erk1/2) 
(Thr202/Tyr204) by Cell Signaling Technologies, Danvers MA, USA). Phospho-S6 is a marker 
for activation of mTOR, pERK is a marker for MAPK pathway activation. All samples were 
converted to FFPE, immunohistochemistry was performed on a BenchMark Ultra autostainer 
(Ventana Medical Systems, Tuscon AZ, USA). Briefly, paraffin sections were cut at 3 um, 
heated at 75°C for 28 minutes and deparaffinized in the instrument with EZ prep solution 
(Ventana Medical Systems, Tuscon AZ, USA). Heat-induced antigen retrieval was carried 
out using Cell Conditioning 1 (Ventana Medical Systems, Tuscon AZ, USA) for 32 minutes 
at 950C (Phospho-S6 Ribosomal (Ser240/244)), or 64 minutes at 950C (Phospho-P44/42 
(Erk1/2) (Thr202/Tyr204)). Phospho-P44/42 (Erk1/2) (Thr202/Tyr204) was detected using 
clone D13.14.4E (1/400 dilution, 1 hour 36°C, Cell Signaling Technologies, Danvers MA, 
USA), Phospho-S6 Ribosomal (Ser240/244) was detected using clone D68F8 (1/1000 dilution, 
32 minutes at 36°C, Cell Signaling Technologies, Danvers MA, USA). Bound antibody was 
detected using the UltraView DAB Detection kit (Phospho-P44/42 (Erk1/2) (Thr202/Tyr204)) 
or the OptiView DAB Detection Kit (Phospho-S6 Ribosomal (Ser240/244)) (Ventana Medical 
Systems, Tuscon AZ, USA). Slides were counterstained with Hematoxylin II and Bluing Reagent 
(Ventana Medical Systems, Tuscon AZ, USA). Slides were scored for intensity (0-3) and 
percentage of positive tumor cells by a pathologist blinded for treatment outcome. 
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Abstract 

Background: 
Early signs of efficacy are critical in drug development. Response Evaluation Criteria In Solid 
Tumors (RECIST) are commonly used to determine the efficacy of anti-cancer therapy in 
clinical trials. RECIST however, emphasizes the value of tumor shrinkage, whilst many targeted 
agents induce prolonged tumor growth arrest. This limits its use for the detection of treatment 
efficacy for these more cytostatic regimens. Therefore, we designed an individualized variant 
of a Time To Progression (TTP) endpoint based on prospective volumetric measurements and 
an intra-patient control, the TTP ratio. 

Patients and Methods: 
Patients with any metastatic malignancy, without regular treatment options, were treated 
with the mTOR inhibitor everolimus. Treatment response was determined using both RECIST 
and the TTP ratio. The TTP ratio was defined as the volumetric pre-treatment TTP divided by 
the volumetric on-treatment TTP. A patient was classified as a responder if the TTP ratio was 
<0.7. Consistency and reproducibility of volumetric measurements were determined. 

Results: 
Seventy-three patients were included of whom 59 started treatment. A TTP ratio could be 
established in 73% (N=43) of treated patients. The inter-observer agreement for volumetric 
progression was 0.78 (95%CI 0.70-0.87) (Krippendorff’s α-coefficient). Using RECIST, 35 
patients (59%) had Stable Disease (SD) and one patient demonstrated a Partial Response 
(PR), while only 21 patients (36%) met the prespecified criteria for treatment efficacy using 
TTP ratio. Treatment response according to TTP ratio and RECIST (SD+PR) both correlated 
with Overall Survival (OS) (P(log-rank)<0.001). The TTP ratio however, was also able to 
differentiate which patients had a better OS within the RECIST SD group (P(log-rank)=0.0496). 

Conclusion: 
The TTP ratio had a high inter-observer agreement, correlated to OS, and identified which 
patients within the RECIST SD group had a longer OS.
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Key message

Detecting signs of efficacy in early phase clinical trials is essential for efficient drug 
development. The TTP ratio is a novel endpoint that incorporates volumetrics and an intra-
patients control to determine treatment efficacy. Response according to TTP ratio was 
correlated to Overall Survival and identified patients within the RECIST Stable Disease group 
who had a longer Overall Survival.  

Introduction

Early signs of clinical activity are important in the decision to further develop new drugs. At 
present, Response Evaluation Criteria In Solid Tumors 1.1 (RECIST)-based parameters such 
as Response Rate (RR) or Progression Free Survival (PFS) are standard to determine drug 
efficacy in early clinical trials [58]. The introduction of targeted and immunomodulatory 
agents, however, has intensified the debate on the validity of these commonly used 
endpoints in clinical trials [115]. Whereas RR reliably measures significant tumor progression 
and regression, it lacks the capability to detect growth rate reduction, which may be of great 
clinical value. This is an important limitation because targeted agents often exert a more 
cytostatic effect than chemotherapy, resulting in delayed growth rather than objective tumor 
regression [116]. Patients with indolent growing tumors will end up in the Stable Disease (SD) 
group, obscuring the distinction between a slow natural course of disease or treatment effect. 
The value of Progression Free Survival (PFS) in single arm studies is also adversely affected 
by inter-tumor variation in natural growth rate. A drug-induced decrease in growth rate will 
not be detected without knowledge of the intrinsic growth rate. Using only RR or PFS as an 
efficacy endpoint in early phase clinical trials may therefore lead to wrongful interpretation 
of the results with all untoward consequences [117]. 

These limitations of RECIST emphasize the need for a reliable parameter of clinical benefit 
that corrects for growth characteristics of the individual patient’s tumor. Such a parameter 
will not only improve detection of drug efficacy but also support drug development in early 
clinical trials. Here we introduce and evaluate a new personalized response parameter to 
measure the efficacy of targeted therapy: the Time To Progression (TTP) ratio (fig. 1). The TTP 
ratio prospectively compares volumetric tumor growth off- and on-treatment and therefore 
serves as an intra-patient control for natural tumor growth rate. 
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Methods

Patients
Patients with any advanced malignancy, who progressed on their previous treatment and 
had no regular systemic treatment options left, were eligible for inclusion. Key eligibility 
criteria included an age of 18 years or older; Eastern Cooperative Oncology Group (ECOG) 
performance status of ≤2; volumetrically measurable disease; histologic tumor biopsy should 
be feasible; and adequate hepatic, renal and hematologic function. 

Study regulatory compliance
The protocol (ClinicalTrials.gov identifier NCT01566279) was approved by the ethical review 
board of The Netherlands Cancer Institute and complied with the Declaration of Helsinki, 
Dutch law and Good Clinical Practice. All patients provided written informed consent prior to 
study-related procedures. 

Figure 1.  TTP ratio – The TTP1 ratio is used to determine treatment efficacy in this study. If everolimus is beneficial 
for an individual patient, the time to progression under treatment (TTP2) is longer than the time to progression 
without treatment (TTP1). If the ratio of TTP1:TTP2 is less than 0.7 the patient is classified as a responder. In this 
figure an example is given of a non-responder and responder. In case of a >30% volumetric increase or new lesions 
on CT the patient is classified as having progressive disease. The timing of CT evaluations has also been incorporated 
in this figure. The CT evaluation at 4 weeks in TTP2 will only be done if a patient is progressive at the first evaluation 
in TTP1.
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Study design 
The CPCT-03 study was an open-label, prospective, single-arm, multicenter intervention study. 
Study objectives included biomarker identification using RECIST and TTP ratio, evaluating the 
TTP ratio as a marker for treatment efficacy, and determining PFS, Overall Survival (OS) and 
Disease Control Rate (DCR) as defined by RECIST. Patients were accrued at the Netherlands 
Cancer Institute, UMC Utrecht Cancer Center and Erasmus MC Cancer Institute Rotterdam. 

Treatment 
All patients received everolimus 10 mg once daily, orally, on a continuous basis until disease 
progression according to RECIST. Dose reductions to 5 mg once daily and 5 mg every other 
day were allowed. A third dose reduction, or treatment interruption of more than 3 weeks, 
was not allowed. 

Efficacy assessments 
After study inclusion, the time to an either ≥30% volumetric increase in target lesions or the 
development of new lesions was determined in a prospective manner, prior to treatment with 
everolimus. This period was called Time To Progression 1 (TTP1) and represented the natural 
tumor growth rate. In TTP1, tumor assessments were performed at baseline, 4 weeks after 
baseline and every 6 weeks subsequently. In case of obvious clinical progression during TTP1, a 
Computed Tomography (CT) scan was performed immediately. Subsequently, treatment with 
everolimus was started and patients were again followed until a ≥30% volumetric increase 
in target lesions or the development of new lesions. This was called Time To Progression 2 
(TTP2) and represented the growth speed of the tumor under treatment. In TTP2, tumor 
assessments were performed every 8 weeks until progressive disease according to RECIST 
was observed. The only exception being patients who were already progressive in TTP1 at 
4 weeks, they had their first on-treatment scan at 4 weeks. The TTP ratio was calculated by 
dividing TTP1 by TTP2. A patient was classified as a responder if the TTP ratio was < 0.7. The 
0.7 cut-off for response was based on the PFS ratio of Von Hoff et al. [66]. They divided TTP2 
by TTP1 (in contrast to TTP1 by TTP2) and used a threshold of >1.33 for response, which 
corresponds to 0.75 for our TTP ratio. Because they determined TTP1 under the previous 
treatment, whereas here it is determined without treatment, the more stringent cut-off 0.7 
was chosen. 

All tumor assessments were performed using CT and sent to a central facility. Volumetric 
measurements were performed using semi-automatic software (EncoreUnFoie, v5.0, Image 
Sciences, UMC Utrecht, the Netherlands 2012). All CT scans were measured by at least two 
independent observers (G.A.C., F.W., C.G.M.G., I.U.) using the same set of target lesions. At 
study entry, volumetrically measurable target lesions were selected in adherence to RECIST 
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guidelines [58]. A lesion was considered volumetrically measurable if its borders could 
be delimited on every single CT scan slice. Volumetric measurements were performed by 
manually contouring the lesion on all axial slices. Subsequently, the volume of each individual 
lesion was calculated automatically (suppl. fig. S1). The percent change in volume was 
calculated for the sum of volumes. If there was no consensus on the presence or absence 
of volumetric progressive disease, a third observer was consulted. An increase of 30% since 
nadir or more in cumulative volume of target lesions or appearance of new lesions was 
considered PD. The 30% cut-off was chosen based on the work of van Kessel et al., who found 
that for individual observers, 95% of all repeated lesion measurements fell within the limit 
of -28.6% and 30.4% [118]. Patients were also evaluated according to conventional RECIST 
during the TTP2 period. For all TTP ratio evaluable patients, the PFS ratio as described by Von 
Hoff et al. was also determined to enable comparison with the TTP ratio [66]. The PFS ratio 
uses time to progression on the most recent line of treatment as an intra-patient control.

Evaluability of patients
Patients were not evaluable for TTP ratio if they did not complete the TTP1 period or if they 
had a protocol violation, lost their volumetric measurability, or stopped treatment due to 
reasons other than PD (with the exception of patients that had already passed the threshold 
of response (<0.7)). Patients were evaluable for RECIST if treatment response was determined 
on at least one CT. 

Statistical analyses
The majority of analyses were performed using SPSS Statistics version 22 (IBM). Baseline 
data were reported with descriptive statistics. PFS and OS curves were constructed using the 
Kaplan-Meier technique, and analyzed using a log-rank test. Numbers of target lesions were 
compared using a paired t-test. A spearman correlation was used to analyze the relation 
between TTP1 and TTP ratio, TTP1 and the wash-out period of the previous treatment, and 
baseline tumor volume and percentage change. Inter-observer variability was calculated 
using R version 3.2.0 (www.r-project.org) with Krippendorff’s α-coefficient. 

Results

Study population 
Seventy-three patients were included between the 15th of August 2012 and the 23rd of April 
2014 (suppl. fig. S2). Fifty-nine patients started treatment with everolimus. Reasons for drop-
out during TTP1 included clinical deterioration (N=8), initiation of other treatment (N=2), 
toxicity from a previous treatment (N=1), screen failure (N=1) or withdrawal of informed 
consent (N=1). Baseline patient characteristics are depicted in table 1.
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Demographic or Clinical Characteristic No. of patients % 

No. of patients  73  
Sex 
  Male

 
29

 
39.7

Age, years
  Mean 
  Range 

 
59

31 – 79
WHO PS
  0 
  1 
  2 
  Missing 

 
21
42

2
8

 
28.8
57.5

2.7
11.0 

Primary tumor 
  Colorectal
  NET 
  Esophageal
  Breast
  NSCLC
  Ovarian 
  Bladder
  Sarcoma  
  Cervical
  Head and Neck
  Renal cell 
  Unknown origin 

 
23

9
5
4
4
3
3
3
2
2
2
2

 
31.5
12.3

6.8
5.5
5.5
4.1
4.1
4.1
2.7
2.7
2.7
2.7

Time since initial diagnosis
  ≤ 6 mo 
  > 6 mo to ≤ 2 yrs 
  > 2 yrs to ≤ 5 yrs 
  > 5 yrs

 
6

27
23
17

8.2
37.0
31.5
23.3 

No. of organs involved 
  1 
  2 
  >2
  Unknown 

 
13
17
38

5

 
17.8
23.3
52.1

6.8
Prior treatment
  Chemotherapy 
  Targeted therapy 
  Hormone therapy 
  Immunotherapy 
  Radiotherapy 

 
68
27

9
0

38

 
93.1
37.0
12.3

-
52.1

Table 1. Baseline patient characteristics

TTP ratio versus RECIST
In order to compare the TTP ratio and RECIST, we evaluated several factors, including 
number of target lesions, concordance of change, and response classification. Forty-three 
(73%) patients reached TTP2 and were evaluable for efficacy using the TTP ratio. Fifty-one 
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(86%) patients were evaluable using RECIST. Reasons for non-evaluability according to TTP 
ratio included protocol violation (N=1), loss of volumetric measurability (N=3) and stop of 
treatment due to reasons other than PD (N=12). Patients were not evaluable for RECIST when 
treatment response was not determined (N=8). Because not all lesions can be measured 
volumetrically, we compared the number of target lesions used for RECIST and volumetric 
measurements. Within patients evaluable for both methods, fewer lesions were selected as 
target lesions for volumetric measurements (mean 2.5 (±1.0SD)) compared to RECIST (mean 
3.0 (±1.2SD)). This difference was statistically significant (P<0.001, paired t-test). Volumetric 
and RECIST measurements were concordant in measuring either tumor growth or regression 
in 79% of cases (suppl. fig. S3). 

 All patients
(N=59)

Colorectal
(N=17)

Neuro-endocrine 
(N=9)

Esophageal
(N=5)

Breast
(N=4)

TTP ratio (N,%) 
  Response (<0.7)
  Non-response (≥ 0.7)
  Unknown

 
21 (36%)
22 (37%)
16 (27%)

5 (29%)
10 (59%)
2 (12%) 

 
2 (22%)
2 (22%)
5 (56%)

 
3 (60%)

 0 (-)
2 (40%)

 
3 (75%)

0 (-)
1 (25%)

Best response (N,%)
  CR  
  PR
  SD
  PD
  Unknown 

Disease control rate

 0 (-)
1 (2%)

35 (59%)
15 (25%)
8 (14%)

36 (61%)

 
0 (-)
0 (-)

8 (47%)
8 (47%)
1 (6%)

 
 8 (47%)

 
 0 (-)
 0 (-)

6 (67%)
1 (11%)
  (22%)

 
 6 (67%)

 
0 (-)

1 (20%)
 3 (60%)
1 (20%)

0 (-)
 

4 (80%)

 
0 (-)
0 (-)

3 (75%)
0 (-)

1 (25%)
 

4 (75%)
Progression free survival 
  Events (N,%)
  Median, months
  95% CI

45 (62%)
2

1.2 to 2.8

 
14 (82%)

 2
1.5 to 2.5

 
 3 (33%)

15
0 to 39.2

 
4 (80%)

 3
0.5 to 5.5

 
3 (75%)

1
0 to 6.2

Overall survival 
  Events (N,%)
  Median, months
  95% CI

 
50 (85%)

5
4.3 to 5.7

 
17 (100%)

 5
 4.0 to 6.0

 
 6 (67%)

17
 0 to 34.5

 
4 (80%)

 3
0 to 6.2

 
4 (100%)

4
0 to 9.9

Table 2. Efficacy of everolimus 

Using standard RECIST, most patients were classified as having SD (59%, table 2). Twenty-
five percent of patients were classified as progressive (PD) and one patient had a partial 
response (PR). Using the TTP ratio, 36% of patients were classified as responders and 37% as 
non-responders. The RECIST SD cohort could be split in 20 TTP ratio responders and 8 non-
responders. 
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TTP ratio as an efficacy endpoint 
To evaluate the consistency of measuring volumetric progressive disease, the inter-observer 
agreement was calculated using Krippendorff’s α-coefficient. The inter-observer agreement 
was 0.78 (95%CI 0.70-0.87) with 199 evaluated scans. Baseline tumor volume was not 
correlated to the percentage of change in target lesions (P=0.413, spearman). TTP1 was not 
correlated to TTP ratio (P=0.551, spearman) or the wash-out period of the previous treatment 
(P=0.251, spearman).

To explore the predictive value of outcome according to TTP ratio, we analyzed its relation 
with OS in the TTP ratio evaluable cohort (N=43). Figure 2A shows OS of responders versus 
non-responders according to TTP ratio. A significant difference in OS between responders 
(median 12 months (95%CI 6.0-18.0)) and non-responders (median 4 months (95%CI 2.9-
5.1)) was observed (P(log-rank)<0.001). 

Figure 2. Correlation of outcome measures to OS. A) TTP ratio correlated with OS in the TTP ratio evaluable cohort, 
B) PR and SD according to RECIST also correlated with OS in the TTP ratio evaluable cohort, C) Response according to 
TTP ratio within the SD cohort (N=28) correlated to OS.

There was also a significant difference in OS between the RECIST SD and PR patients versus 
the PD patients in the same cohort (P(log-rank)<0.001, fig. 2B). Because a large proportion 
of the RECIST SD population were TTP ratio responders, we performed a separate analysis 
within the RECIST SD cohort to evaluate if TTP ratio response was correlated to OS within 
this subgroup (N=28). Median OS was significantly longer in the TTP ratio responder group 
(median 11 months (95% CI 4.4-17.6)) compared to the non-responder group (median 5 
months (95%CI 3.2-6.8)) (P(log-rank)=0.0496, fig. 2C). PFS ratio response also correlated to 
OS (P(log-rank)=0.008). However, in contrast to the TTP ratio, response according to PFS ratio 
was not correlated to OS in the RECIST SD cohort (P(log-rank)=0.311).
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Efficacy of everolimus 
Within this study, we also evaluated efficacy of everolimus according to both endpoints amongst 
different tumor types (table 2). Individual TTP times and ratios are shown in supplemental 
figure S4. According to RECIST, high disease control rates (PR+SD) were observed for breast 
(75%) and esophageal (80%) cancer, including a PR for esophageal cancer. Both tumor types 
also had a high rate of responders according to the TTP ratio: 60% for esophageal cancer and 
75% for breast cancer. 

All TTP ratio evaluable breast cancers and esophageal adenocarcinomas had a short TTP1 
and a response according to TTP ratio. The squamous cell esophageal carcinomas included a 
patient with a long TTP1 and response according to TTP ratio (this patient also had a RECIST 
PR). The second patient was not evaluable for response according to TTP ratio. RECIST 
response was SD. On CT however, necrosis of the lung metastases was observed (suppl. fig. 
S5). 

The majority of patients stopped treatment due to PD (N=35). Other reasons to stop 
treatment were AEs (N=7); toxicity (N=3); patient refusal (N=1); clinical deterioration (N=1); 
death (N=1); other (N=7). At time of analysis, 4 patients were still on treatment. Adverse 
events are summarized in supplemental table S1. 

Discussion

The results of our study suggest that the TTP ratio has additional value when determining 
clinical benefit of targeted therapies in early phase clinical studies. In this phase I population, 
both TTP ratio and RECIST correlated to OS. However, TTP ratio was also able to differentiate 
within the RECIST SD group which patients had a longer OS, which could be interpreted as a 
sign of clinical benefit. TTP ratio measurements were highly reproducible among observers in 
this study. If validated in other cohorts, this provides an opportunity to determine whether 
patients classified as having SD actually experienced clinical benefit, and gives more insight 
as to which patient groups benefit from treatment. Ultimately, we believe the TTP ratio could 
support drug development by improved detection of early signs of clinical activity. 

Furthermore, TTP ratio as an outcome measure was able to detect efficacy of everolimus 
in breast and esophageal cancer. Previous studies show that everolimus combined with 
exemestane is active in breast cancer. However, the beneficial effect of everolimus for 
esophageal cancer patients has never been fully explored. Early phase studies by Werner et al. 
and Wainberg et al. report low response rates and a large SD population [119, 120]. Because 
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it remains unclear if patients with SD actually benefit from treatment, further studies were 
discontinued. Our data, however, suggest that we were able to evaluate whether patients 
within the SD group indeed had a drug-attributable decrease in tumor growth rate. For all 
esophageal cancer patients in this study (N=5), this was, in fact, the case. Despite their heavily 
pre-treated status these patients seemed to benefit from treatment with everolimus. Taking 
into account small patient numbers, these results may spark an interest to further investigate 
everolimus in esophageal cancer. 

Despite the advantages discussed above, using the TTP ratio as an endpoint in clinical 
studies also has several limitations. First, it has been a laborious effort to perform volumetric 
measurements (in duplicate) of each CT scan. Volumetric measurements are, and will remain, 
time consuming procedures until robust and reliable fully-automatic software is developed. 
Second, the wait-and-see period to assess natural growth rate initially raised concerns with 
physicians and patients. Eight patients (11%) were not able to start treatment due to clinical 
deterioration during the waiting period. Percentage-wise this is comparable to the early drop-
out rate in large phase I cohorts [121]. In this regard it is important to realize that participants 
in this study had no other treatment options beside best supportive care or phase I study 
participation, with a small chance of treatment success, possible suboptimal dosing and 
unknown toxicity profiles. A wait-and-see approach is also not necessarily disadvantageous. 
In this study, six patients had a TTP1 of >100 days. These patients had no strict indication to 
start treatment immediately and their quality of life was not negatively affected by treatment-
related adverse events during their waiting period. In addition, a first follow-up CT taking place 
at 4 weeks ensured early detection of highly progressive tumors with a low threshold to start 
treatment, because a volumetric increase of 30% equals a much smaller increase in diameter 
[118]. Altogether we feel that the aforementioned considerations legitimate the design of 
this study and exploratory endpoint. We cannot exclude the possibility of pseudoprogression 
in some patients. When adopting the TTP ratio to evaluate efficacy of treatments that can 
result in pseudoprogression, we recommend a similar approach as the Immune-Related 
Response Criteria, namely performing a consecutive CT after 4 weeks to confirm PD. 

Previous studies have also recognized the limitations of on-treatment RECIST for targeted 
therapies and several alternative endpoints have been explored [65, 66, 117, 122]. Such 
as the Tumor Growth Rate (TGR), by Ferté et al., which compared tumor growth rate on-
treatment and before treatment [65]. They compared TGR and RECIST in a large cohort 
of renal cancer patients treated with sorafenib or everolimus and found that it facilitated 
detection of early signs of efficacy and was associated with PFS and OS. However, growth 
rate before treatment was determined retrospectively in the wash out-period, making it a 
less reliable endpoint. Another example is the Progression Free Survival ratio by Von Hoff 
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et al. where PFS according to RECIST was compared to PFS on the previous treatment [66]. 
Although an intra-patient control is used, the success of the previous treatment is a major 
determinant of efficacy of the treatment of interest. Although PFS ratio also correlated to 
OS, PFS ratio was not able to differentiate within the RECIST SD group which patients had 
a longer OS. The TTP ratio, in contrast to the aforementioned examples, is thus far the only 
efficacy endpoint in which natural growth rate (via intra-patient control) was prospectively 
determined and which correlated to OS in the RECIST SD group. 

To summarize, we believe measuring clinical benefit according to TTP ratio is of additional value 
to standard RECIST measurements when determining the efficacy of targeted therapeutics 
in early phase clinical studies as it 1) corrects for the natural growth rate of the tumor, 2) 
corresponds well with OS in a phase 1 population of patients, 3) is able to differentiate which 
patients had a longer OS within the SD cohort, 4) shows high inter-observer agreement and 
5) is able to identify potential patient groups (i.c. esophageal cancer) that might benefit from 
treatment. Our findings warrant further exploration and validation of this approach as it could 
greatly facilitate early detection of drug efficacy and thereby support drug development. 
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4Supplemental figure 1. Semi-automated volumetric measurements – A) this figure demonstrates the delineation of 
the tumor on one CT slice. After delineating the tumor on every single CT slice, you get figure B and the volume is 
calculated automatically by the computer.  

Supplemental figure 2.Evaluability of patients – This figure describes the evaluability of patients for the analyses 
included in this study. The flowchart demonstrates how many of the patients are evaluable for RECIST response and 
response according to the TTP ratio. A single patient can be evaluable in both cohorts. *Patients are non-evaluable 
for TTP ratio if they stopped treatment due to reasons other than PD, with the exception of patients that surpassed 
the threshold for response (<0.7) during follow-up. Abbreviations: IC, Informed Consent; PD, Progressive Disease; 
TTP1, Time To Progression 1; TTP2, Time To Progression 2.
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Supplemental figure 3. Waterfall plot volumetric and RECIST best response – This figure shows the best response as 
measured volumetrically (red bar) and by diameter (blue bar) for all patients that were evaluable for both outcomes. 
Absence of the blue bar means that no change has been detected. Using volumetric measurements, change in 
tumor size is more easily detected. Both outcome measures are highly concordant in reporting either a decrease or 
increase in tumor size. 

Supplemental figure 4. Individual TTP1 & TTP2 periods and ratios – This figure portrays the time to progression pre-
treatment (blue bar) and on-treatment (red bar) for individual patients in weeks on the left y-axis. The right y-axis 
and black stripes represent the TTP ratio.
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Supplemental figure 5. CT scan pre- and post-everolimus – A) pre-treatment scan, B) post-treatment scan which 
shows substantial necrosis of the lung metastases.

Supplemental table 1. Adverse events  
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Summary

Tumor organoids are three-dimensional cultures of cancer cells that can be derived on an 
individual patient basis with a high success rate. This creates opportunities to build large 
biobanks with relevant patient material that can be used to perform drug screens and 
facilitate drug development. The high take rate will also allow side-by-side comparison to 
evaluate the translational potential of this model system to the patient. These tumors-in-a-
dish can be established for a variety of tumor types including colorectal, pancreas, stomach, 
prostate and breast cancer. In this review we will highlight what is currently known about 
tumor organoid culture, the advantages and challenges of the model system, compare it to 
other pre-clinical cancer models and evaluate its value for drug development.
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Significance

Drug development in oncology is hampered by the lack of representative model systems 
that can recapitulate all essential components of the patient’s tumor. With the addition of 
a new technique, tumor organoid culture, to our repertoire of pre-clinical cancer models, 
it is important to evaluate the translational potential of this new model system. This model 
system has the potential to improve drug development by better discriminating, in an early 
stage, which drugs are effective, and for which indications, also serving as a selection assay 
in precision medicine. Here, we have reviewed current literature on organoid model systems 
and compared it to pre-existing models such as cell lines or PDX. We have also described 
the efforts that are currently ongoing to evaluate the clinical translatability of the organoid 
culture model and biobanking initiatives. 
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Challenges in drug development

Costs of new anti-cancer drugs have surged over the past years due to, among others, the 
increasing complexity of clinical trials and regulatory requirements [123, 124]. Meanwhile, 
the likelihood that a drug will reach market approval after entering phase 1 clinical testing 
has remained the same, and is significantly lower for anti-cancer drugs as compared to 
drugs in other disease areas [123, 124]. When considering all indications in oncology, a 
mere 1 in 15 drugs that enters clinical development will reach FDA approval [123]. While 
there are several factors that contribute to the low success rate from bench to bedside, one 
stands out: the translatability of pre-clinical cancer models to the patient. The difficulties 
of using model systems to predict drug efficacy in patients hamper not only general drug 
development pipelines, but also the advancement of companion diagnostics that can select 
subgroups of patients for treatment with molecularly targeted agents. In this review, we will 
discuss three-dimensional (3D) tumor organoid cultures, a novel pre-clinical model system in 
oncology which allows ex vivo propagation of tumors from individual patients. We will discuss 
the potential of this model system to facilitate drug discovery, and in comparison to cell lines 
and Patient-Derived Xenograft (PDX) models, highlight its pros and cons in the perspective of 
drug development. Due to constraints in space, a comparison of organoids to other 3D model 
systems in drug development was considered outside the scope of this review. 

Tumor organoids

Establishing the organoid culture system
Ex vivo culture of tumor cells from patients has been hampered in the past by low culture 
success and a limited proliferative capacity. The ability to perform long-term culture of 
primary colorectal cancer cells came from the fundamental discovery that healthy mouse 
intestinal stem cells could be propagated in vitro long-term using Wnt, R-spondin1, EGF 
and Noggin. [48, 49, 125]. Healthy intestinal stem cells formed crypt-villus-like structures in 
Matrigel and were able to generate all cell lineages of the gut upon withdrawal of particular 
medium components [48, 49]. Importantly, these cultures retained their normal genome over 
time [48, 49, 126]. Irrespective of its previous use to describe organogenesis experiments, 
the term ‘organoids’ was used, mainly because of the crypt-like architecture in vitro and 
the distinct resemblance to the in vivo situation [48, 49, 125]. Matrigel and a cocktail of 
essential stem cell growth factors, that were used to culture healthy mouse intestinal tissue, 
supplemented with a TGF-β receptor inhibitor (A83-01) and p38 MAPK inhibitor (SB202190), 
served as the basis for growth medium of healthy human intestine/colon, and eventually also 
for colorectal cancer organoids [49]. Subsequently, similar culture protocols were developed 
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for healthy and malignant tissue of the pancreas [51, 127], stomach [50], prostate [52, 54] 
and liver [50-54, 128]. The ability to culture patient-derived healthy and diseased cells was 
immediately recognized as a major breakthrough and holds potential for the transformation 
of biomedical research into more patient-focused approaches. Since the development 
of organoid culture protocols, several key papers have been published in which organoids 
have been used as a tool to broaden our basic understanding of cancer [129-132]. These 
and subsequent studies help to determine whether organoid cultures have the potential to 
improve drug development and clinical practice. 

Culture of diverse tumor types with a high success rate
Van de Wetering et al. were the first to describe a collection of well characterized patient-
derived organoids [57]. They report the successful culture of 20 matched healthy and 
tumor organoids derived from treatment-naive surgical resections with a ~90% success 
rate [57]. The unique achievement to culture tumor organoids with a nearly perfect 
success rate from individual primary colorectal cancers (CRC) was unprecedented. Weeber 
et al. subsequently confirmed the feasibility to grow organoids from single 18G needle 
biopsy specimens of colorectal cancer metastases with a success rate of 71% [56] and 
another biobank of CRC organoids has been established with a success rate of around 60% 
[43]. Using a slightly modified protocol, Gao et al. succeeded in culturing organoids from 
metastatic prostate cancer tissue as well as from liquid biopsies [52]. Thus far, this is the 
only published case in which organoid cultures from a blood sample succeeded, but may 
create new opportunities for minimally invasive methods to incorporate patient-derived 
tumor organoids in personalized medicine programs [52]. Boj et al. reported the successful 
culture of pancreatic adenocarcinoma organoids, a tumor type for which it is especially hard 
to establish cell lines, due to the large stromal component of the tumor [51]. Huang et al. 
also reported on the successful culture of human pancreatic adenocarcinoma with a success 
rate of 85% (n=20) [127]. Bartfeld et al. succeeded in culturing gastric organoids and used 
this to create a model system for Helicobacter pylori infection, elucidating the cascade of 
events that takes place after bacterial infection [50, 133]. The same culture conditions can 
also be used to culture gastric cancer organoids. More recently, Pauli and colleagues cultured 
tumor organoids from a range of different tumor types with an overall success rate of 39%, 
ranging from 19% in prostate cancer to 80% in colorectal cancer [44]. In summary, organoid 
cultures can be established from a range of different tumor types, which paves the way for 
more successful drug development and precision medicine. Table 1 summarizes the success 
rates of establishing the various pre-clinical cancer models (organoid cultures, cell lines and 
PDX) of diverse tumor types.  
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Tumor type Success rate to establish: References

PDX Cell lines Organoid cultures

Breast 4-86%
Per subtype: 
ER+: 4-7%
TNBC: 30-86%
HER2+: 26-33%

17%*-46%* 66% Byrne et al. 2017 [41]
Zhang et al. 2013 [45]
Pauli et al. 2017 [44] 

Colorectal 52-91% 10% >90%, 71%# Byrne et al. 2017[41] 
Dangles-Marie et al. 2007 [134] 
Weeber et al. 2015 [56] 
Van de Wetering et al. 2015 [57] 

Pancreas 54-100% 9% 75-85% Byrne et al. 2017 [41] 
Rckert et al. 2012 [135] 
Boj et al. 2015 [51] 
Huang et al. 2015 [127] 

Prostate 39%^ 7 cell lines 
established 
to date

15-20%# Lin et al. 2014 [136] 
Gao et al. 2014 [52] 

Table 1. Success rates of establishing pre-clinical cancer models for diverse tumor types – This table illustrates the 
reported success rates to establish pre-clinical cancer models for 4 tumor types. The pre-clinical cancer models 
incorporated in the table include organoid cultures, cell lines and PDX. Take rates in the table pertain to human 
primary tumors, unless otherwise specified. For some tumor types, culture protocols are currently further optimized. 
Derived from: * mouse tumors; # metastatic biopsy specimens; ^ primary tumors and metastases  

Proof of concept: organoids are a successful tool for drug development in cystic fibrosis
Whereas the use of tumor organoids in cancer research, drug development and personalized 
medicine in oncology is still in its infancy, and validation studies to evaluate their potential 
as a model system are in progress, impressive proof of concept has already been shown 
for cystic fibrosis (CF) [137-141]. Cystic fibrosis is a disease that is caused by specific 
mutations in the CFTR gene, which ultimately prevent localization of the CFTR protein to 
the plasma membrane [140]. CFTR at the plasma membrane is necessary for homeostasis 
of fluids and electrolytes, and its absence results in an accumulation of viscous mucus in the 
gastrointestinal and pulmonary tract [140]. Patients can suffer from persistent pulmonary 
infections, pancreatic insufficiency, malnutrition, and have a limited life expectancy [140]. 
The pharmaceutical industry has developed small molecule inhibitors that can restore the 
function of mutant CFTR proteins by mutation-specific drug targeting. However, in clinical 
practice, these compounds have varying responses in patients, suggesting that more factors 
contribute to drug response than the genetic constitution of CFTR alone. Dekkers et al. 
have applied organoid culture conditions to rectal tissue of patients suffering from cystic 
fibrosis and have made the observation that forskolin (a cyclic AMP agonist) leads to swelling 
of healthy rectal organoids, but not of organoids from CF patients [140]. This absence of 



Tumor organoids as a pre-clinical cancer model for drug discovery | 77

5

forskolin-induced swelling in CFTR-deficient organoids could be reversed by CFTR-restoring 
compounds and has resulted in follow-up studies, where it was shown that this platform was 
very apt at predicting drug response in patients [137, 138, 141]. Presently, rectal organoids of 
individual CF patients are used for drug discovery to identify novel, promising CFTR-restoring 
compounds, but also to determine which pre-existent small molecule inhibitor works best in 
the individual patient, especially those with rare uncharacterized CFTR mutations [137, 138, 
141]. Furthermore Vidovic et al. have used CRISPR/Cas9 technology in CF mutant organoids 
to genetically engineer and restore CFTR function [142]. Using rectal organoids from CF 
patients, Schwank et al. have also shown that the defective CFTR gene could be replaced by 
a functional copy using CRISPR/Cas9 [143]. Since the complete lining of the gastrointestinal 
tract is affected, as well as other organ systems, this is presently not a viable treatment 
strategy for CF patients, but it does demonstrate that gene therapy in (gastro)-intestinal 
organoids is feasible.

In the field of cystic fibrosis, organoids have created a unique opportunity for drug 
development. The challenge ahead is now to employ tumor organoids in drug development. 
However, whereas cystic fibrosis is a mono-genetic disease, cancer genetics is infinitely more 
complex. The practical and theoretical challenges of organoids in drug discovery for cancer 
will be discussed in the next paragraph. 

Critical appraisal of tumor organoids compared to other experimental 
tumor models

Genetic and phenotypic representation of original tumor
Organoid cultures offer great promise as a pre-clinical cancer model to improve drug 
development. First of all, organoid cultures closely recapitulate the genetic and morphological 
heterogeneous composition of the cancer cells in the original tumor [44, 56, 57]. Van de 
Wetering et al. have shown that primary tumors that were put in culture gave rise to large 
numbers of different primary organoids (10-1000) suggesting that the heterogeneous 
composition of the original tumor was largely conserved [57]. The heterogeneous nature 
of the culture was also confirmed by transcriptome analysis of single organoids, which each 
gave rise to different expression profiles [57]. Histological analysis and DNA sequencing 
demonstrated a high concordance in morphology and mutational profile of the tumor 
organoids and matched patient tumor [57]. The mutational profile also showed a similar 
distribution when compared to the mutational spectrum for CRC included in the TCGA (The 
Cancer Genome Atlas), suggesting that in this set of 20 organoids the genetic diversity of CRC 
was captured [57]. Furthermore, RNA sequencing demonstrated that different subtypes of 
CRC could be cultured as organoids [57]. Weeber et al. have corroborated these findings for 
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colorectal cancer, reporting that analysis of the original tumor and matched organoid cultures 
demonstrated a 90% concordance of somatic mutations, and a correlation between copy 
number profiles of 0.89 [56]. The most important observation however, was that none of 
the discordant findings affected driver genes, or concerned actionable events [56]. A similar 
observation was done by Fujii et al. who also report that no discordant mutations were found 
in drivers [144]. Schutte et al. have reported a high degree of genetic concordance between 
primary colorectal cancer and matched patient-derived colorectal cancer organoids, where 
only 3% of divergent mutations concerned relevant cancer genes [43]. Transcriptome 
analysis and subsequent unsupervised hierarchical clustering however identified three 
main molecular groups in patient material, as opposed to two main molecular groups for 
matched patient-derived tumor organoids [43]. Whereas this observation was similar in PDX, 
patient-derived tumor organoids also displayed unique expression of the stem cell marker 
ALDH1A1 and components of carbohydrate, steroid, retinoid and fatty acid metabolism 
[43]. Boj et al. have found that their pancreatic adenocarcinoma organoid model reflected 
in vivo disease progression, based on transcriptomic and proteomic analyses of organoids 
established from tissue at different stages of malignant transformation [51]. Huang et al. 
analyzed the histology and differentiation status of tumor organoids 16 days after culture 
initiation, and reported similar morphological and cytological features, as well as expression 
of differentiation markers, compared to the original tumor [127]. Duarte and Gogola et al. 
have generated mammary tumor organoids from genetically modified BRCA deficient mice 
(Duarte and Gogola et al. 2017; unpublished data). They have shown that copy number 
profiles of mammary tumor organoids better resembled the parental tumor than 2D cell lines 
derived from the same tumor (Duarte and Gogola et al. 2017; unpublished data). 

Maintenance of heterogeneity in culture
The maintenance of tumor heterogeneity in culture is a factor that is often underestimated 
in genotype-phenotype relationships and likely a critical factor in the failure of many targeted 
agents [145, 146]. Whereas tumor organoids display genetic and phenotypic heterogeneity 
upon start of culture, it is not clear to what extent this heterogeneity is maintained over time 
[56, 57, 144]. It has been reported that early and late passage organoids displayed essentially 
the same mutation pattern [43, 44]. We do know however, that particular oncogenic 
mutations can provide tumor cells with a competitive advantage over others in vivo and 
this is also imaginable in vitro [147, 148]. Barcode studies investigating clonal dynamics in 
tumor organoids cultures have not been conducted yet, but fluorescent labeling of tumor 
organoid cultures demonstrated that cultures were dominated by a single color after 30-40 
days, indicating a drift towards clonality [144]. As with all cancer models, this aspect has 
to be taken in to account. Another aspect that can influence genetic composition of the 
organoids is the medium composition used for culture. For some CRC samples, standard 
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culture medium appeared to be suboptimal for growth and required specific adaptations, 
such as culture under hypoxic conditions or removal of p38 MAPK inhibitors from the 
medium [144]. Examples that actually exploited condition-dependent clonal outgrowth of 
oncogenic mutations in vitro were demonstrated by Drost et al. and Matano et al. [129, 131]. 
Both research groups selected mutated clones by retracting medium factors such as Wnt, 
R-spondin1, EGF and Noggin [129, 131]. This suggests that deprivation of essential growth 
factors favors the outgrowth of mutant clones that can grow independent of one of these 
factors. 

How is tumor heterogeneity maintained in other model systems? Gene expression analysis 
between solid tumors and corresponding cell lines have previously demonstrated significant 
differences [149, 150]. Also, cell lines often do not cover the full genetic spectrum of tumor 
types. Genetic analysis of both tumors and cell lines have shown that common mutations 
can be preserved in cell lines, whilst rarer mutations are frequently not represented [103]. 
Classical cell line culture methods can also induce significant selection pressure on tumor 
cells: only cells that are able to grow in common culture conditions are able to survive. This 
can result in a misrepresentation of the original tumor and therefore non-physiological 
responses. It has been demonstrated in genetic barcode studies in cell lines that complexity 
is progressively lost [151]. This suggests that a polyclonal pool of cells will turn into a multi- or 
monoclonal population over time. Interestingly, Porter et al. show that barcode complexity 
is better preserved when cell lines are subcutaneously injected in mice [151]. This has 
important implications for cell lines and in vitro models in general and can partly explain the 
limited translational value of cell line data [149, 150, 152]. Firstly, it implies that the genetic 
composition and subsequent cell behavior in vitro can change over time. Secondly, it suggests 
that genetic diversity can be better preserved in favorable niches, such as the subcutaneous 
environment for PDX. To formally investigate clonal dynamics of tumor organoids after serial 
passaging, barcode studies, similar to those performed for PDX and cell lines, are warranted. 

Drug response 
Of course, whilst maintenance of genotypic and phenotypic features does inform us about the 
translational potential of these cancer models, correlating drug sensitivity data and clinical 
or genomic data is more informative. Whereas cell lines have many practical advantages 
and have long been the primary source to study drug responsiveness and find novel drug 
targets, the question has always remained if in vitro cell line findings translate to the clinic 
[153]. Patient-Derived Xenografts (PDXs) closely recapitulate the genotype and phenotype of 
patient tumors at establishment [40]. Furthermore, intra-tumor clonal architecture is largely 
conserved in PDX after serial passaging [154]. The PDX approach has previously shown its high 
degree of translatability to the patient and provided an effective means to study resistance 



80 | Chapter 5

mechanisms and design novel treatment combinations. Bertotti et al. and Zanella et al. 
have demonstrated that HER2 or IGF2 overexpression attenuates the effect of cetuximab 
in CRC, resulting in novel treatment strategies to overcome unresponsiveness to cetuximab 
[155, 156]. Gao et al. performed high-throughput drug screening on ~1000 PDX with 62 
treatments and demonstrated reproducibility as well as associations between genotype and 
drug response [157]. PDX have also helped personalized medicine programs. Hidalgo and 
colleagues generated PDXs of individual patients and tested these against a range of clinically 
approved compounds and combinations. PDX-guided treatment resulted in an impressive 
88% response rate [46]. Despite a small sample size, these successful efforts to directly select 
treatment for the individual patient underscore the translatability and potential of PDX. But 
while significant successes have been achieved with PDX, this platform also has shortcoming 
as it does not lend itself efficiently for high throughput screens, is costly, and it is a lengthy 
process to establish tumors in mice. Hidalgo et al. report that engrafted PDX require 6 to 8 
months of propagation to be useful for treatment [46]. This can however, similar to take rates, 
differ between tumor types and tumor histology or grade. Altogether, drug response of PDX 
translates nicely to patient outcome. The time to test of the platform however make PDX less 
suited for large scale drug discovery, but PDX do offer opportunities to confirm findings from 
high throughput in vitro studies. 

How do tumor organoids compare to cell lines and PDX models? Tumor organoids are more 
expensive to establish and propagate compared to cell lines, but are less costly than PDX. 
When derived from a single 18Gauge histological tumor biopsy, they require an approximate 
2 to 3 months of propagation to produce drug sensitivity data. If more starting material is 
available, this time frame can be reduced to 1 to 2 months. Studies examining drug sensitivity 
of organoids have thus far shown drug responsiveness in line with the molecular profile of 
the tumor. Van de Wetering et al. performed a drug screen with a panel of 83 compounds 
in colorectal cancer organoids, and demonstrated that loss-of-function TP53 mutants were 
insensitive to MDM2 inhibition and RAS mutants resistant to EGFR inhibition. They also 
identified a potential treatment strategy for RNF43 mutant colorectal cancer, as it was 
shown that RNF43 mutant organoids are exquisitely sensitive to Wnt secretion inhibitors 
[57]. In another study, single-agent and combination therapy drug screens in organoids from 
patients with colorectal, endometrial and uterine carcinoma revealed exquisite sensitivity 
to novel treatment options [44]. In the same study, sequencing of a large cohort of tumor 
samples identified potentially targetable cancer gene alterations in only 9.6% of patients, 
underscoring the value of functional models to identify promising treatment options [44]. 
In a study evaluating parallel organoid cultures and PDX models, the response to various 
drugs was generally concordant between the different model systems [43]. Gao et al. studied 
drug response in blood- and tissue- derived prostate cancer organoids, and also observed 
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that it matched the expectations considering the molecular background of the tumor 
[52]. An androgen-receptor (AR) amplified organoid line was significantly more sensitive 
to enzalutamide (an AR inhibitor), compared to wild type lines [52]. Of course, medium 
components of the organoid culture model may significantly influence drug response to 
various compounds. For example, high concentrations of EGF may compete with EGFR 
inhibitors, and apoptosis inhibitors such as the p38 MAPK inhibitor could have a more general 
effect on drug response. Additionally, other extra-cellular factors derived from the tumor 
micro-environment might also contribute to discrepancies between the drug response of 
organoids, other model systems and the clinical response. Duarte and Gogola et al. describe 
the generation of mammary carcinoma organoids from BRCA-deficient mouse tumors, which 
show differential response to PARP inhibition (Duarte and Gogola et al. 2017; unpublished 
data). Interestingly, the authors describe a case in which organoids derived from an in vivo 
resistant tumor was sensitive in vitro, likely caused by a cell-extrinsic resistance mechanism 
(Duarte and Gogola et al. 2017; unpublished data). This suggests that in some cases the drug 
response of a mouse tumor can’t be captured by tumor organoids, highlighting a shortcoming 
of the organoid platform. Additional studies comparing the drug response of organoids in 
vitro with organoids transplanted in mice, or the clinical response of a patient from which 
the organoids were derived, will shed light on the importance of this issue. Verissimo et 
al. showed the causal relationship between KRASG12D and resistance to the combination of 
pan-HER and MEK inhibition [158]. This combination led to a cell cycle arrest in KRASG12D 
organoids, as opposed to cell death in KRASwt tumor organoids [158]. The addition of a BCL-2 
inhibitor abrogated resistance to the combined pan-HER and MEK inhibition, which was also 
confirmed in a PDX model. This was especially interesting, as previous preclinical research 
using cell line models had concluded the opposite. More specific, the combination of MEK 
and pan-HER inhibition was synergistic in KRAS mutant CRC and NSCLC cell lines [25]. Based 
on these findings in cell lines, combined MEK and pan-HER inhibition is currently tested in 
patients with colorectal, lung and pancreatic cancer harboring a KRAS mutation. Results of 
these trials are still pending and might provide insight in the predictive value of these model 
systems. 

Drug-genotype correlations
To investigate drug-genotype correlations, organoids pose a good platform for mechanistic 
studies. Several groups have successfully used CRISPR/Cas9 technology to investigate 
oncogenic transformation and model tumorigenesis [129-132]. Drost et al. and Matano et al. 
utilized CRISPR/Cas9 to study tumorigenesis by generating various combinations of mutated 
backgrounds in healthy organoids harbouring loss of APC, TP53 and/or SMAD4 and activating 
mutations in KRAS and PIK3CA [129, 131]. Duarte and Gogola et al. used CRISPR/Cas9 to 
investigate the mechanism behind PARP inhibitor response in BRCA1 deficient mammary 
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tumors (Duarte and Gogola et al. 2017; unpublished data). These and other studies illustrate 
the ease of using organoids as a model system to study causal relationships, because organoids 
can be conveniently manipulated with state-of-the art technologies. This will facilitate studies 
investigating the influence of mono- or polygenetic events in relevant patient material. 

The issue with numbers
There are large collections of PDX models to support drug testing in patient-derived tumors. 
Similarly, tumor organoids are excellently positioned to establish “living” biobanks with large 
numbers of different patient-derived organoid cultures. The importance of such a living 
biobank is highlighted in a review by Wilding and Bodmer who state that even in studies 
that have used an extensive number of cell lines in their drug screens, the exact numbers for 
each type of cancer, let alone a subtype, remain relatively low [159]. Taking into account the 
distribution of molecular characteristics within tumor types and drugs with small effect sizes, 
makes it nearly impossible to detect drug sensitivity patterns [159]. Of most tumor types we 
do not generally possess such a large collection of cell lines, and the enormous amount of 
time and resources that is related to working with PDX, prevents large scale screens using this 
model system [159]. Organoid libraries can be expanded to include considerable numbers 
of patients (>100), and can facilitate the identification of drug sensitivity profiles for small 
subsets of patients with significant results. In addition, organoids can be established from 
healthy tissue with a nearly perfect take rate (if there is enough starting material), enabling 
toxicity screening (to predict potential adverse effects of treatment) as well as tumor drug 
sensitivity screening for the same patient.

Variable growth rate
A potential caveat for the use of organoids in drug development, that is also encountered 
in other in vitro models, is their variable growth rate. Variation in growth rate can confound 
pharmacological parameters such as IC50s from dose-response curves [160, 161]. Although 
inter- and intra-organoid growth variation can mask drug effects, new metrics have been 
proposed that correct for this confounding factor. By performing baseline and/or synchronous 
measurements in time, one can obtain a more accurate picture of the relative drug response 
of tumor cells [160]. The growth rate inhibition metric (GR) and drug-induced proliferation 
rate (DIP) both incorporate these measurements in single metrics in order to better determine 
and compare drug-sensitivity in vitro [160, 161]. The potential value of these corrections can 
be illustrated by the obvious clinical response of HER2-amplified breast cancer patients to 
EGFR/HER2 inhibition, compared to patients with other breast cancer subtypes [160]. This 
effect cannot be distinguished in vitro when comparing the IC50s of HER2-amplified cell 
lines with the IC50s of other breast cancer lines upon EGFR/HER2 inhibition [160], but only 
becomes apparent when corrected for the different growth rate of these cell lines.
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Overgrowth of normal epithelial cells
A distinct challenge in the establishment of tumor organoids is the potential contamination 
with and subsequent overgrowth of normal epithelial tissue in the culture. Whereas in 
colorectal tumor organoids several “tricks”, such as the modification of medium factors 
necessary for the ex vivo propagation of normal tissue, can be applied to remove normal 
organoids, in some other cultures this has proven to be more difficult. Cultures of primary 
prostate tumors have thus far failed to yield “pure” tumor organoids when derived from the 
primary prostate cancer. In lung cancer where field cancerization of the epithelial tract is a 
common phenomenon this may also prove to be a challenge [54]. It is unclear why normal 
tissue has a growth advantage over tumor cells. An increased rate of apoptosis in cancer cells 
due to their genetically instable nature has been proposed as a possible explanation, but 
other factors such as culture supplements may also play a role [54].

Stromal and immune compartment
Even though tumor organoids are a closer, heterogeneous representation of an in vivo 
tumor than tumor cell lines, it remains a model system exclusively comprised of epithelial 
cells but lacking other cell types present in the tumor micro-environment. The tumor 
micro-environment may significantly (positively or negatively) affect drug response, which 
is an additional explanation for discrepancies between drug sensitivity in vitro and in vivo 
[162]. Co-culture of epithelial cells and stromal cells is possible and can promote growth of 
malignant or untransformed epithelial cells [163, 164]. Furthermore, co-culture of mouse 
intestinal organoids with intraepithelial lymphocytes (IELs) is possible, and IELs were shown 
to be highly motile, dynamically entering and egressing from organoids [165]. Stiffness of 
the extracellular matrix (ECM) affects organoid formation, differentiation and also drug 
response [166, 167]. It will be important to further develop co-culture systems of human 
tumor organoids with stromal cell types to reconstitute an in vivo tumor. Although this could 
be achieved with commercially available cell lines, it is far more appealing to use cells from 
the same patient from whom the organoid is derived from. The latter approach has the 
advantage of capturing heterogeneity in the stromal compartment between patients, but 
may suffer from limitations in access to or expansion of such cells. Of note, while attempts 
to reconstruct the micro-environment in vitro may yield valuable new test systems, in some 
situations an in vivo model, such as PDX or genetically engineered mouse models (GEMM), 
may initially be more suitable. 
Taken together, early studies have demonstrated the feasibility of growing tumor organoids 
from individual patients, have molecularly characterized organoid cultures at different levels 
and demonstrated the preservation of numerous characteristics between patient-derived 
tumor organoids and the original tumor. This has ignited great enthusiasm for the potential 
of this new technique to detect drug-genotype correlations and hence its use as a platform 
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for drug discovery. What makes organoid technology very exciting however, is the potential 
to adequately assess the clinical relevance of in vitro findings. Cell lines and PDX for most 
tumor types have low to mediocre take or growth rates, preventing large scale comparison 
and calibration to the patient. Because organoids can be established on a single patient basis, 
we are able to compare the drug response of this model system to the patient, and if found 
representative, this could be used as a filter before embarking on clinical trials.

Biobanking efforts and validation studies

Biobanking efforts
With the ability to create organoids from individual tumors, the gigantic clinical diversity of 
cancer can be introduced in the laboratory. Large efforts are therefore undertaken to make 
organoids available to the scientific community. The first is the establishment of a large 
collection of these cultures, the Hubrecht Organoid Technology (HUB) “living” biobank. 
The HUB is also part of the Human Cancer Models Initiative (HCMI) collaborating with The 
National Cancer Institute (NCI), Cancer Research UK, and the Wellcome Trust Sanger 
Institute, to develop approximately 1,000 cancer cell models that better represent the 
hallmarks and diversity of human cancer. The HUB biobank collects and generates organoids 
of tumor tissue of patients with for example breast, colorectal, lung, pancreatic and prostate 
cancer. These cultures are then extensively analyzed by genome sequencing and expression 
profiling. Furthermore, baseline clinical data are also collected for every included patient, 
and all organoids undergo an extensive screen to analyze drug sensitivity to a vast array 
of anti-cancer drugs. This well-characterized library of cultures and corresponding clinical 
data has been created to aid basic research, find leads for new compounds, help explore 
novel therapeutic strategies, and is accessible to both industry and academia. However, the 
true value of tumor organoids in drug screening and precision medicine still needs to be 
determined. This will require an extensive comparison of the drug response of organoids in 
vitro with the response of the tumor in the patient. 

If the use of tumor organoids as a clinical decision making tool can be validated, two 
applications will be of great interest. First, to determine upfront the success of a treatment 
to avoid unnecessary side effects for patients and reduce costs of health care by limiting the 
use of expensive medication. Secondly, to support drug development in the setting of early 
clinical trials. 
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Comparing treatment response in vitro and of the patient
To evaluate if patient-derived tumor organoids recapitulate drug response in the patient, 
a large prospective observational cohort study has been initiated by our group. In this 
multicenter cohort study, the TUMOROID trial (NL49002.031.14), patients with metastatic 
colorectal, breast or non-small cell lung cancer are included before they start with standard 
of care treatment. The primary objective of this study is to determine whether standard 
of care treatment responses of organoids predict treatment responses of patients. Since 
metastases have genetically evolved over time all patients undergo a pre-treatment biopsy 
procedure of a metastatic lesion for organoid culture. Subsequently, clinical response data 
are collected and correlated with the in vitro organoid response. This test will first focus 
on establishing an empirically determined in vitro threshold for response, using matched 
clinical outcome data of patients. The threshold will be set to achieve the highest achievable 
negative predictive value, because this addresses one of the biggest challenges in the clinical 
care for patients: over-treatment with anti-cancer drugs. However, mimicking chemotherapy 
in vitro is not trivial, given vast differences in pharmacokinetics and drug dosing regimens 
between a patient undergoing treatment and an in vitro drug assay. Previous studies in cell 
lines have shown that timing and duration of drug exposure can be of significant influence for 
the measure of cytotoxicity in vitro [168]. Fischel and colleagues have shown that the type 
of fluorouracil exposure (continuous, mixed or short), as well as timing of oxaliplatin (before, 
during or after exposure to fluorouracil and folic acid) significantly altered drug sensitivity of 
the cells [168]. However, the fact that tumor organoids can be cultured indefinitely provides 
the opportunity to modify various dosing schemes in vitro in such a way that it generates an 
approach where outcome matches clinical responses of patients.

Selecting treatment using patient-derived tumor organoids
Patient-derived tumor organoids can also be used to select individual patients for novel 
targeted therapies. The past decade, the pharmaceutical industry has developed a wide 
array of molecularly targeted agents. However, even though the target at which a particular 
drug acts is known (e.g. PI3K inhibitor), this does not necessarily mean that patients with 
a molecular alteration in the pathway (e.g. PIK3CA mutation) will be susceptible to this 
treatment [22]. To fully elucidate which targeted agents match which molecular profile, 
large and costly prospective biomarker studies and basket trials are needed. In general this 
contributes to the low success rate of drug development in oncology. A functional assay, such 
as patient-derived tumor organoids, may guide and improve drug development. Therapeutic 
agents are often discarded due to presumed inactivity, whilst it could also be that the drug 
was not tested in the appropriate patient group, because the drug in question has a small 
target population. To test whether patient-derived tumor organoids can help to select 
patients for targeted therapy, a prospective clinical proof of concept study has been initiated 
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by our group (SENSOR study, NL50400.031.14 Eudract 2014-003811-13). Patients with 
metastatic colorectal cancer and NSCLC are recruited before they initiate their last standard 
of care (SOC) treatment line. Inclusion is done at an earlier time point, to bridge the culture 
and drug assay period. Tumor biopsies are retrieved at inclusion, cultured as organoids, and 
tested for 8 different targeted treatments. When one of these agents is active in vitro the 
patient is offered this experimental treatment. If successful this approach may facilitate drug 
development. Taken together, these two studies will broaden our knowledge of this new 
technology, and will answer the question whether 3D organoid cultures can be translated to 
the patient setting. This paragraph is also summarized in figure 1.

To conclude, tumor organoids provide new opportunities for drug development. The ability 
to culture organoids from every individual patient and their close resemblance to the original 
tumors suggest that organoids hold the promise of a more representative and clinically 
relevant model system compared to cell lines for drug discovery and precision medicine. 
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Abstract

Tumor organoids are 3D cultures of cancer cells. They can be derived from the tumor of each 
individual patient, thereby providing an attractive ex vivo assay to tailor treatment. Utilizing 
patient-derived tumor organoids for this intent requires that organoids can be derived from 
biopsies, while maintaining the genetic diversity of the in vivo tumor. In this study tumor 
biopsies were obtained from 14 patients with metastatic colorectal cancer in order to 1) 
test the feasibility of organoid culture from metastatic biopsy specimens, and 2) compare 
the genetic diversity of patient-derived tumor organoids and the original tumor biopsy. 
Genetic analysis was performed using SOLiD sequencing for 1,977 cancer-relevant genes. 
Copy number profiles were generated from sequencing data using CopywriteR. Here we 
demonstrate that organoid cultures could be established from tumor biopsies of patients 
with metastatic colorectal cancer with a success rate of 71%. Genetic analysis showed that 
organoids reflect the metastasis they were derived from. Ninety percent of mutations were 
shared between organoids and biopsies from the same patient, while DNA copy number 
profiles of organoids and the corresponding original tumor show a correlation of 0.89. 
Most importantly, none of the mutations that were found exclusively in either the tumor or 
organoid culture are in driver genes or genes amenable for drug targeting. These findings 
support further exploration of patient-derived organoids as an ex vivo platform to personalize 
anti-cancer treatment. 
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Significance statement

Chemotherapy has been proven in clinical studies to significantly improve overall survival. 
Unfortunately, there is a significant degree of heterogeneity in tumor chemosensitivity, often 
resulting in unnecessary treatment and needless exposure to toxic side-effects. We are in 
need of a platform that can identify preemptively which patients will or will not benefit from 
treatment. Tumor organoids, 3D cultures of cancer cells, present such an individualized 
platform. In this study we demonstrate that organoid cultures can be established from 
metastatic biopsy specimens with a high success rate and still genetically represent the 
metastasis they were derived from. This data supports the translation of this new and 
innovative technology to the clinic as an ex vivo screening platform to tailor treatment. 
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Introduction

The considerable variation between patients in sensitivity to anti-neoplastic treatment 
emphasizes the need for more accurate treatment selection. Numerous attempts have been 
made to develop a personalized in vitro platform to predict treatment response in individual 
patients, but no method has presently gained clinical acceptance [35]. Cell lines are not 
readily established for every individual patient and although a higher take rate and early signs 
of predictive value have been reported for patient-derived xenograft (PDX) models, the 6-8 
months required to gain sufficient material may prohibit its development as a clinical decision 
making tool [46].

A recently developed three-dimensional culture system, enriching for the stem cell 
population, has enabled the indefinite propagation of normal and tumor epithelial cells of a 
variety of tissues [52, 54, 169-173]. These cultures, referred to as organoids, are established 
in a relatively short time frame, are easy to manipulate and facilitate high throughput screens 
[57]. However, their most important feature is that cultures can be derived from tumor 
tissue of each individual patient. With adequate amounts of starting material, such as tumor 
resections, success rate of derivation for colorectal cancer organoids is greater than 90% 
[57]. However, in the metastatic setting there is generally no access to resection material and 
acquisition of fresh tumor tissue is often limited to biopsies. In order to use patient-derived 
tumor organoids as a personalized screening tool to tailor treatment, it is imperative that 
cultures from biopsy specimens have a high success rate and the genetic landscape of the 
tumor is preserved in culture. This article will address both topics.

Materials and Methods 

Patients
Fourteen patients with metastatic colorectal cancer gave written informed consent to 
undergo two to four 18 Gauge biopsies from accessible metastatic lesions (Fig. 1). This study 
received approval by the institutional review board of the UMC Utrecht (protocol number: 
NCT01855477). 

Organoid cultures
Organoid culturing was performed according to methods described by Sato et al. [169]. 
Briefly, biopsies are dissected and embedded in Matrigel. Matrigel including embedded 
cells are overlaid with growth medium, optimized for selective outgrowth of tumor cells 
(Advanced-DMEM/F12, 1% penicillin/streptomycin, 10 mM HEPES, 1% Glutamax, 20% 
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R-Spondin conditioned medium, 10% Noggin conditioned medium, 1 x B27, 1,25 mM n-Acetyl 
Cysteine, 10 mM Nicotinamide, 50 ng/ml human EGF, 10 nM Gastrin, 500 nM A83-01, 10 uM 
SB202190, 10 nM Prostaglandine E2 and 1 x Primocin (Vivogen). Fresh medium is added 
every 2 or 3 days. Outgrowing organoids are passaged every 7-10 days after mechanical and 
enzymatic disruption.

DNA sequencing
A separate biopsy was used to compare the mutation and copy number profiles of the tumor 
biopsy and biopsy-derived cultures. Blood withdrawal was performed to obtain control DNA 
for germline variation. DNA was isolated from organoid cultures after 2-3 months (depending 
on organoid growth rate). DNA was isolated using a DNA Extraction Kit for Tissue and Blood 

Figure 1. Overview of the study design
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DNA 500 Extraction Kit (Diasorin, Wasserburg, Germany) according to manufacturer’s 
protocol. Matched blood, tumor biopsies and biopsy-derived cultures were sequenced using 
the SOLiD 5500xl according to manufacturer’s protocol. The minimum tumor percentage 
required to enable sequencing was 30%. Tumor cell percentage and percentage of necrosis 
was determined by a trained pathologist based on HE stainings. 600ng gDNA was required 
per sample to generate barcoded fragment libraries as described by Harakalova et al. [81].
Samples were enriched using SureSelect technology (Agilent Technologies, Santa Clara 
California, USA) for the “actionable cancer genome” consisting of 1,977 genes, as previously 
described by Vermaat et al. and Hoogstraat et al. [106, 107].The “actionable cancer genome” 
consists of all exons of genes known to be oncogenes, tumor suppressor genes, kinases or 
functioning in pathways involved in tumorigenesis and comprises approximately 16% of the 
exome. Libraries were sequenced to an average coverage of 150x. Mapping, variant calling 
and annotation was done as described by Hoogstraat et al. [106].Somatic mutations were 
classified as unique for either tumor biopsy or biopsy-derived cultures if the allele frequency 
in the matching sample was <1%.

DNA copy number analysis
DNA copy number profiles were generated from the BAM files using CopywriteR as described 
in Kuilman et al. [174].In short, sequence reads outside the captured genomic regions (off-
target reads) were used to generate DNA copy number profiles. A depth-of-coverage method 
was used for 100kb bins and the read count was normalized for GC-content and mappability. 
Log2ratios were calculated for all tumor or organoid samples versus reference (blood) 
samples. The normalized and corrected log2ratios from CopywriteR were further analyzed 
by circular binary segmentation (CBS) and CGHcall [175]. CBS allows for the detection of 
segments with near identical copy number state. CGHcall is used to classify data points as 
copy number gain, loss or neutral. 

Results

Organoid culture from metastatic biopsy specimens was successful in 10 of 14 cases (71%). 
For eight patients DNA from the tumor biopsy and its matched biopsy-derived culture was 
sequenced to assess whether the original genetic diversity of the tumor was preserved in 
culture (Fig. 1). The remaining two patients of whom organoid cultures were established 
were excluded because tumor cell percentage of the biopsy was below 30%. 

A mean of 19 (±4) somatic mutations were observed per patient (Fig. 2). 90% of somatic 
mutations were shared between tumor biopsy and organoid cultures. Somatic mutations in 
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driver genes or other genes of interest were invariably detected in both tumor biopsy and 
biopsy-derived cultures of all patients (Fig. 2). An average correlation of 0.89 (range 0.77-0.96) 
was detected for DNA copy number profiles between matching tumor biopsy and organoid 
samples (Fig. 2). The average percentage of data points detected identically as gain, loss or 
neutral was 81% (range: 52%-99%). Somatic mutations identified are presented in table S1, 
sequencing statistics in table S2, tumor cell percentage and necrosis of original biopsies in 
table S3. Copy number profiles for matched tumor biopsies and biopsy-derived cultures per 
patient are shown in figure S1. 

Discussion 

These data show that organoid cultures from colorectal cancer can be readily established 
from biopsies of metastases. The culture success rate of 71% for colorectal cancer compares 
favorably to the take rate of 15-20% for organoid cultures of biopsies from prostate cancer 
described by Gao et al. [52].Sequencing data and copy number analysis were largely 
concordant between organoid cultures and tumor biopsies. The most important observation 
from our study however, is that none of the 15 mutations that were found exclusively in 
either the tumor or organoid culture are in driver genes or genes amenable for drug 
targeting. Where discordance was present, this could be attributed to biological factors such 
as sampling variation from a heterogeneous tumor or ongoing normal tumor evolution, 
but also to selection due to culture conditions. With current knowledge it is not possible to 
distinguish between these factors. Aside from biological processes, technical limitations can 
result in a misrepresentation of the actual concordance by impeding factors as low coverage 
of a particular gene or sample. For instance, 6 of 15 unique mutations have a coverage of 
<25x of the gene in the matched sample (where the mutation was not identified), and for 
patient 04 and patient 06 overall coverage of respectively the tumor sample and biopsy-
derived culture was very low (median coverage <50x)(Supp. Table 1 and 2). Furthermore, 
the presence of stromal cells and tumor necrosis in biopsies (resulting in a lower tumor 
percentage) may have resulted in less accurate detection of copy number aberrations and 
somatic mutations in the tumor biopsy compared to the cultures. A lower tumor percentage 
can result in a misrepresentation of allele frequency in a negative way, such that it can even 
fall under the limit of detection. The actual allele frequency of a mutation in tumor biopsies is 
thus sometimes higher than depicted in table S1. A lower tumor percentage also affects copy 
number profiles by reducing the signal towards the diploid state, resulting in discrepancies in 
shading intensity of red and blue between tumor biopsies and corresponding biopsy-derived 
cultures in figure 2. This could have contributed to the discordance in patient 3 (Fig. S1 and 
Table S3). 
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Figure 2. Copy number and mutational profiles of biopsy-derived organoid cultures and matched tumor biopsies –  
Patient 01-08. A) Venn diagram displaying the number of shared and unique (tumor biopsy or biopsy-derived 
cultures) mutations per patient as identified by SOLiD sequencing. B) Mutations in known driver genes or genes 
of interest for colorectal cancer per patient. Mutations were invariably present in both tumor biopsy and biopsy-
derived organoid cultures. C) Heat map comparing copy number aberrations between matched tumor biopsy and 
biopsy-derived organoid cultures in a log2 scale. Red colors indicate gains and blue colors losses. The band on the left 
represents chromosomes 1-22 and X. For each patient the correlation between the tumor biopsy and biopsy-derived 
cultures is shown, as well as the percentage of data points detected identically as gain, loss or neutral (overlap).



Preserved genomic diversity in organoids cultured from biopsies of colorectal cancer metastases | 97

6

To conclude, organoid cultures from colorectal cancer can be readily established from 
biopsies of metastases with preservation of the mutational and copy number landscape. 
This supports the translation of patient-derived tumor organoids to the clinic as an ex vivo 
test platform, with the potential to meet the dire need for means to make more rational 
treatment decisions for the individual patient. Clinical trials to validate the predictive value of 
organoids have been initiated. 
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Sample Tumor cell percentage Percentage necrosis

01 80 10
02 90 10
03 80 40
04 90 10
05 70 10
06 90 50
07 80 50
08 90 Not available

Supplemental table 3. Percentage of tumor cells and necrosis of original tumor biopsies – Tumor cell percentage 
and percentage of necrosis for the original tumor biopsies per patient. 
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Supplemental figure 1. Copy number profiles – Copy number plots for tumor biopsy and biopsy-derived organoid 
cultures of each patient. Numbers 01-08 refer to patient 01-08.
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Abstract

Background:
Despite decades of research, our understanding which tumors are sensitive or resistant to 
chemotherapy is still in its infancy. This unfortunately leads to over-treatment and unnecessary 
exposure to side-effects in the majority of patients. We therefore embarked on an initiative 
employing tumor organoids, 3D cultures of cancer cells from individual patients, to develop a 
predictive test that can identify patients who are non-responders to chemotherapy. 

Methods:
Patients with metastatic colorectal cancer were enrolled at the start of treatment with 
oxaliplatin in combination with capecitabine or fluorouracil (5-FU). Patients underwent 
pre-treatment biopsies of metastatic lesions to establish organoids cultures, and were 
prospectively followed to determine clinical outcome. As a reference, tumor organoids 
cultured from post-treatment biopsies of three patients progressing under treatment with 
oxaliplatin and 5-FU were used. Patient-derived tumor organoid cultures were subjected to a 
matrix with increasing concentrations of oxaliplatin and 5-FU for six days (384-well format), 
after which in vitro drug sensitivity was compared to clinical outcome. This manuscript 
describes an initial analysis of the first included patients. 

Results:
Clinical outcome and in vitro drug sensitivity were compared for ten patients. In vitro responses 
for these ten patients did not correlate to progression free survival (Cox regression: p=0.165), 
RECIST best response (Kruskal-Wallis: p=0.679), or RECIST percentage increase or decrease in 
tumor diameter (Spearman’s rho: p=0.089).  

Conclusion:
The test in its current format has insufficient predictive value to aid clinical decision making 
with respect to oxaliplatin and 5-FU-based chemotherapy. Expansion of the dataset and re-
testing under different conditions is warranted before any final conclusions can be drawn. 
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Introduction

Chemotherapy has contributed significantly to the improvement in Overall Survival (OS) of 
patients with solid tumors [176]. Still, the number of patients who experience clinical benefit 
from chemotherapy, is relatively limited. The identification of primary drug-resistant patients 
is essential to prevent over-treatment and spare patients unnecessary side-effects, which 
will in turn reduce costs of care. We therefore set out to develop a test with the ability to 
predict chemotherapy outcome on an individual patient basis, more specifically for the 
combination of fluorouracil (5-FU)/capecitabine and oxaliplatin in patients with metastatic 
colorectal cancer. Predicting chemotherapy response in the past has proven more difficult 
than anticipated. DNA profiles and other molecular markers were not able to differentiate 
between chemotherapy resistant and responsive patients [177]. Different mechanisms of 
action per anti-cancer drug, especially in combination regimens, make it difficult to develop 
a predictive model: whereas oxaliplatin exerts its effects on the DNA level by creating cross-
links that prevent cell replication and result in cell death, fluorouracil and its metabolites 
exert their effect on both DNA and RNA [178, 179]. With the lack of molecular markers to 
predict treatment outcome, personalized functional platforms might be the answer. Currently 
established personalized functional platforms however, such as 2D primary culture-based 
treatment, have also received negative recommendations for their use outside the clinical 
trial setting [35, 38]. Modeling pharmacokinetics is a dish poses a significant challenge, not 
only because pharmacokinetics in the patient are intricately arranged and vary between each 
individual, but combination strategies also add an extra layer of complexity. Depending on the 
treatment schedule and its formulation (oral or intravenous), pharmacokinetic parameters 
(Cmax, Css) for 5-FU treatment, which could facilitate the development of an in vitro assay, can 
vary greatly. Also, single-agent oxaliplatin treatment has been proven ineffective in colorectal 
cancer, relying largely on its synergistic activity with fluorouracil [180]. These elements 
underline the difficulties of developing a predictive assay for chemotherapy outcome, 
especially for combination strategies. 

Nonetheless, an assay that is able to identify chemotherapy-unresponsive patients, can 
significantly improve clinical cancer care. In this study, we aimed to develop such a predictive 
model using Patient-Derived Tumor Organoids (PDTO). PDTO are 3D cultures of cancer cells 
from individual patients that have a high take rate (71% from colorectal cancer metastasis 
core needle biopsies), recapitulate the heterogeneous composition of the tumor, and are 
able to provide drug sensitivity data in two to three months [49, 55, 56]. PDTO can be 
cultured indefinitely and expanded to enable large scale drug screens, providing us with the 
opportunity to extensively study and sculpt this patient-derived model to evaluate if it has 
the potential to predict chemotherapy outcome of individual patients. In this manuscript we 
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describe an initial analysis on matched clinical and in vitro data of the first patients who have 
been included in the TUMOROID trial, which in a prospective manner collects pre-treatment 
tumor biopsies and corresponding treatment outcome. This analysis was planned to get a 
first impression of the data which may facilitate the statistics of the definitive study, aimed at 
validation of the predictive value of the organoid test. The predictive test will be optimized 
to identify the subset of patients who are inherently drug resistant. The criterion we have set 
for the development of a clinically accepted predictive test for non-response, is a negative 
predictive value of 95%, wherein the test will identify the majority of non-responders, with 
only a limited chance of withholding treatment from patients who might benefit. 

Methods 

Patients
Patients with metastatic colorectal cancer, starting treatment with CAPOX (capecitabine + 
oxaliplatin) or FOLFOX (fluorouracil + oxaliplatin) treatment, were eligible for inclusion. 
Concomitant use of bevacizumab was allowed because bevacizumab has no direct effect on 
tumor cells. Key eligibility criteria included an Eastern Cooperative Oncology Group (ECOG) 
performance status of ≤2; measurable disease; histologic tumor biopsy feasible; and age of 
18 years or older. As a reference, tumor organoids cultured from post-treatment biopsies of 
three patients progressing under treatment with oxaliplatin and 5-FU were used (hereafter 
referred to as resistant controls). 

Study regulatory compliance
Protocol approval was granted by the ethical review board of The Netherlands Cancer Institute. 
The protocol complied with the Declaration of Helsinki, Dutch law and Good Clinical Practice. 
All patients provided written informed consent prior to any study-related procedures. 

Study design 
The TUMOROID study is a Dutch multicenter observational cohort study (NL49002.031.14). 
Patients were included before start of treatment and were asked to undergo a pre-treatment 
biopsy of metastasis (figure 1). They subsequently started treatment with 5-FU and oxaliplatin, 
and were followed with CT scans at regular intervals (every 2 months) to determine their 
response to treatment. A maximum of two histologic 18 Gauge tumor biopsies were 
processed for organoid culture, if more biopsies were retrieved, they were stored fresh frozen 
for potential future use. Treatment response data according to RECIST 1.1, as well as drug 
sensitivity data of the PDTO were collected. Patients were accrued at the Netherlands Cancer 
Institute, Meander Medical Center Amersfoort and Elisabeth-TweeSteden Hospital Tilburg. 
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Treatment 
Patients were treated according to standard of care combination regimens of oxalipatin and 
capecitabine or fluorouracil. CAPOX was given in three weekly cycles, where patients received 
capecitabine 1000mg/m2 BID orally on day 1-14 and oxaliplatin 130 mg/m2 intravenously 
on day 1. FOLFOX was given in cycles of two weeks. Patients received oxaliplatin 85mg/
m2, leucovorin 200mg/m2 and fluorouracil (400mg/m2 as bolus, 600mg/m2 in 22 hours) 
intravenously on day 1. On day 2, the patient received leucovorin 200mg/m2 and fluorouracil 
(400mg/m2 as bolus, 600mg/m2 in 22 hours) intravenously. 

Evaluation of clinical treatment outcome
Computer Tomography (CT) scans were performed per standard of care, at baseline and 
approximately every 2 months. Clinical outcome was determined using Response Evaluation 
Criteria In Solid Tumors (RECIST) 1.1 [58]. Because mixed responses have been observed, the 
biopsied lesion was, if possible, also measured separately. 

Culture of Patient-Derived Tumor Organoids 
18 Gauge biopsy specimens were deposited in a 15mL tube with medium, hereafter referred 
to as Ad-DF+++ [Advanced Dulbecco’s Modified Eagles Medium with Nutrient Mixture F-12 
Hams (Ad-DF) (Invitrogen; #12634), 1% penicillin/streptomycin (Invitrogen; #15140-122), 
1% Hepes (Invitrogen; #15630-056), 1% GlutaMAX (Invitrogen; #35050)] and stored for a 
maximum of 48 hours at 4°C before they were brought in culture. Biopsies were mechanically 
dissected on a petri dish (pre-coated with FBS) using fine needles. Fragments were collected 
and washed with PBS, after which they were embedded in a mixture of Geltrex (Invitrogen, 
#A1413201) and complete medium [Ad-DF+++ 70%, Noggin conditioned medium 10% [49], 
R-spondin1 conditioned medium 20% [49], 1 x B27 supplement (Invitrogen, #17504044), 
1,25 mM N-Acetylcysteine (Sigma-Aldrich #A91655G), 50ng/mL human recombinant EGF 
(BD bioscience, #354052), 10mM nicotinamide (Sigma-Aldrich, #N0636), 500nM A83-01 
(Tocris, #2939), 3 µM SB202190 (Cayman Chemicals, #10010399), 10nM Prostaglandine E2 
(Cayman Chemicals, #14010-1)] in a 2:1 ratio (=10mg/mL of Geltrex). The mixture was plated 
in small drops on a pre-warmed 6-well plate. Geltrex was polymerized at 37°C for 20-30 
minutes and subsequently overlaid with complete medium. The first two weeks of culture 
after isolation from a biopsy specimen, 1:500 Primocin (Invivogen #16F22-MM) was added. 
When passaging, starting up a culture, or after thawing, 10µM Y-27632 (Sigma-Aldrich 
#Y0503) was added. Medium was refreshed every 2 to 3 days. Organoids were passaged 
every 7-14 days to refresh Geltrex, or if they reached a size >200 µm, the plate became too 
confluent, or the medium was acidifying too rapidly. Medium was removed and replaced 
with 1mL cold Ad-DF+++. Organoids were mechanically disrupted using a pipette tip, and 
re-suspended in medium by repeatedly pipetting up and down. After they were spun down 
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(1500rpm, 5’, 4°C) and medium and Geltrex were removed, the pellet was resuspended in 
1mL TrypLE Express (Invitrogen #12605-035), vortexed for 10 seconds and placed in a 37°C 
waterbath for 5-15 minutes. TrypLE Express was diluted using 5- to 10-fold excess Ad-DF+++. 
This was spun down (1500rpm, 5’, 4°C), supernatant was removed, and organoids were re-
plated in Geltrex (10mg/mL), which was allowed to polymerize, and subsequently overlaid 
with complete medium. Organoids were re-plated in the same amount of wells, or split 1:2. 

Figure 1. study design – This figure illustrates the trial design of the TUMOROID study. Patients with metastatic 
colorectal cancer are included, after which they undergo a tumor biopsy for organoid culture. Organoids are exposed 
to the same Standard Of Care (SOC) treatments as the patients, after which in vitro and clinical outcome is compared.
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Drug response assay
On day 0, organoids were mechanically and enzymatically (2-3mL TrypLE Express (Invitrogen 
#12605-035)) dissociated to the size of 1-5 cells. Organoids were filtered (40µm) and 
plated. On day 4, organoids were isolated and resuspended in AD+++ supplemented with 
1mg/mL Dispase (Sigma #D4693). After inactivating dispase (washing twice with AD+++), 
organoids were filtered in a 70µm filter, resuspended in Ad-DF+++, and counted. A fraction 
containing the desired number of organoids was retrieved, spun down (1200rpm, 5’, 4°C), 
and resuspended in complete medium containing 2% Geltrex. Experiments were performed 
in a 384 well plate (100 organoids/well). First, 10µL of Geltrex was added and subsequently 
30µL of cell suspension (containing 2% Geltrex) using a cooled Multidrop Combi reagent 
dispenser (Thermo Scientific). Drugs were added solved in DMSO or tween using a Tecan 
D300e digital dispenser. Fluorouracil and oxaliplatin were tested in a matrix with a 10-step, 
2-fold dilution series (100-0,2µM). These concentrations were chosen as they are built 
around the physiologically relevant Cmax concentration. An extra row on a separate plate was 
used for a baseline measurement. This seperate plate was equilibrated at room temperature 
for 15 minutes, after which 50µL of CellTiter-Glo 3D reagent (Promega #G9681) was added 
per well. The contents were mixed for 5 minutes on an orbital shaker and incubated at room 
temperature for 25 minutes. Luminescence was recorded with Tecan Reader M200 Pro, using 
an integration time of 1000ms. The CellTiter-Glo assay was repeated for the other plates on 
day 10, after 6 days incubation time. All experiments were done using a technical duplicate 
and biological duplicate. Raw data was analyzed using several methods: first raw data was 
normalized to untreated controls, and subsequently adjusted using a GR correction [160, 
161]. The GR (growth rate) inhibition metric provides values between -1 and 1. The value of 
1 resembles the untreated control, between 0 and 1 resembles a decrease in growth rate, 
between 0 and -1 resembles a cytotoxic effect. The cumulative area under (A.U.) the matrix 
was used for the analysis. Of the matrix, five separate parameters were tested for correlations 
with clinical outcome: area under the high drug concentration quadrant (6,3-100µM) (highQ), 
area under the low drug concentration quadrant (0,2-3,1µM) (lowQ), a dose response curve 
for 5-FU and oxaliplatin with a fixed equimolar 1:1 ratio (1:1 ratio), a fixed dose of oxaliplatin 
(3,1µM) with increasing concentrations of 5-FU (FixOx), and a fixed dose of 5-FU (6,3µM) 
with increasing concentrations of oxaliplatin (Fix5FU). For the fixed doses, clinically relevant 
concentrations were chosen (Cmax). Figure 2 illustrates these different parameters on a 384-
well plate design. The 96-well assay was similar in design with only few adaptations. In brief 
the differences: experiments were done by hand, and each well contained 5µL of geltrex 
already including the tumor organoids (100/well). For the 96-well assay, the drug matrix 
consisted of five concentrations of 5-FU and oxaliplatin (300-100-33-11-3,7µM). 
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Figure 2. In vitro outcome parameters – For the analyses, several in vitro outcome parameters were used. HighQ is 
the high drug concentration quadrant, LowQ the low drug concentration quadrant (both in black). The fixed 1:1 ratio 
with equimolar concentrations of 5-FU and oxaliplatin is depicted in white. The parameters in which the dose of one 
of the drugs is fixed, are depicted in grey. All outcomes have been GR corrected. 

Statistical analyses
Response of the biopsied lesion and all target lesions was compared using Kappa for the 
categorical outcome and Intraclass correlation for the continuous parameter. Comparing 
best response (continuous) with in vitro response was performed using Spearman’s rho, 
if a classification of best response was used, the Kruskal-Wallis test was performed. Cox 
regression was used to compare PFS and in vitro response. All tests were performed 2-sided.
 

Results

Patient characteristics 
In this ongoing study twenty-six patients were included between 11 November 2014 and 
28 April 2017. Tumor biopsies were retrieved from 24 patients, of which seventeen were 
successfully cultured to obtain tumor organoids (take rate of 71%). Two patients were not 
evaluable for clinical response, resulting in a total of fifteen evaluable patients. Of these 
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patients, presently ten were tested for in vitro drug sensitivity and are summarized in this 
manuscript. Baseline patient characteristics are depicted in table 1. 

Clinical treatment outcome
Drug sensitivity of patients was assessed using overall response rate and Progression Free 
Survival (PFS) according RECIST 1.1. Six patients had a Partial Response (PR), three patients 
Stable Disease (SD), and one patient Progressive Disease (PD). Patients had a median PFS of 
6 Months (95%CI 2.9 -9.7).

Demography
Subjects 10

Age at registration
  Median (range) 66 (36-76)
Gender
  Male
  Female

9 (90%)
1 (10%)

Performance status
  WHO 0
  WHO 1
  WHO 2
  WHO 3
  Missing

5 (50%)
4 (40%) 

0 (0%)
0 (0%)

1 (10%)
Biopsy site
  Liver
  Lymph node
  Subcutaneous

8 (80%)
1 (10%)
1 (10%)

Prior treatment 
  Chemotherapy
  Targeted therapy
  Immunotherapy
  Hormonal therapy
  Radiotherapy

3 (30%)
1 (10%)

0 (0%)
0 (0%)

1 (10%)

Table 2. Baseline characteristics 

Because RECIST response might not be representative of the response of the individual lesion 
that was biopsied for organoid derivation, and could therefore skew the data, we compared 
both outcome parameters as either continuous or categorical variables. Both were highly 
correlated (intraclass correlation: 0.987 (95%CI 0.937-0.997), kappa 1.000 (p=0.005)). 

96- and 384-well format produce similar results
Initial experiments were performed in a 96-well format. Because these experiments are 
performed manually, laborious and time-consuming, we converted to a 384-well plate 



116 | Chapter 7

format. Large scale screening provides the opportunity to evaluate more conditions at once 
and in case of combination treatment, create a larger matrix of drug response. Comparing 
DMSO (control) treated samples in a 96- and 384-well format demonstrated an equal spread 
(figure 3A). The treatment effect of 5-FU and oxaliplatin was also comparable between both 
well formats (figure 3B). 

Drug response of PDTO does not reflect patient outcome
In this initial analysis, in vitro responses did not match patient outcome. For three outcome 
parameters (see methods section, 1:1 ratio, FixOx and Fix5FU), we were able to construct 
dose response curves for all patients, and included in these dose response curves the 
resistant controls obtained from post-treatment biopsies of progressive lesions (figure 4A). 
Dose response curves from patients with clinical benefit were intertwined with dose response 
curves from the patient who experienced progressive disease and the resistant controls. For 
the other two outcome parameters (HighQ and LowQ), of which we obtained area under the 
matrix values, we generated dot plots (figure 4B), which illustrate that the resistant patient 
and resistant controls are equally sensitive in vitro as the patients with clinical benefit. 
Ultimately we generated Kaplan Meier curves (figure 4C) in which we categorized groups by 
their in vitro response. Groups that were relatively more resistant in vitro demonstrated a 
trend towards better PFS (Logrank: p=0.082), especially in the HighQ analysis. 

Figure 3. 96 versus 384 well format - This figure compares the spread of DMSO treated samples (A) and the treatment 
effect of 5-FU and oxaliplatin (B) for four different samples, labelled on the X-axis. Graph A demonstrates similar 
spread between all samples in the 96 well and 384 well format. Graph B demonstrates a comparable treatment 
effect of the combination 5-FU and oxaliplatin tested in a 96-well and 384-well format. A.U.: area under the matrix.

In general, none of the outcome parameters demonstrated a positive correlation with patient 
response. Either there was no correlation, or an inverse correlation. The in vitro outcome 
parameters were compared to RECIST best response, classified as percentage increase or 
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decrease in tumor diameter (Spearman’s rho: HighQ p=0.089 (-0.565); LowQ p=0.015 
(-0.736); 1:1 ratio p=0.008 (-0.778); FixOx p=0.154 (-0.486); Fix5FU p=0.023 (-0.705)), RECIST 
best response classified as PR/SD/PD (Kruskal-Wallis: HighQ p=0.679; LowQ p=0.177; 1:1 
ratio p=0.227; FixOx p=0.690; Fix5FU p=0.517), and PFS (Cox regression: HighQ p=0.165; 
LowQ p=0.057; 1:1 ratio p=0.044; FixOx p=0.181; Fix5FU p=0.042). Molecular profiles of the 
tumors are described in supplementary table 1. 

Discussion 

We have performed an initial analysis to set standards for prospective evaluation of PDTO as 
a predictive test for CAPOX/FOLFOX chemotherapy in individual patients. From this analysis 
in the first ten patients, we can conclude that the assay in its current format has insufficient 
value to predict clinical outcome of combination treatment with 5-FU/capecitabine and 
oxaliplatin, and should be amended prior to large-scale prospective validation. Similarly, tumor 
organoids obtained from three patients who were progressive under 5-FU/oxaliplatin were 
not clustering in our assays and were distributed randomly in our analysis. There are several 
considerations to be made. First, the advantage of organoid technology is that cultures can 
be expanded and re-tested to optimize the assay in such a way that it more closely mimics 
clinical response. Because sequence and duration of chemotherapy exposure in vitro are 
known to significantly influence outcome, other assay designs might be considered [168, 
181]. Secondly, the combination of 5-FU/capecitabine and oxaliplatin chemotherapy may be 
mechanistically too complex. Previous studies with a well defined genetic aberration and 
matched targeted agent have illustrated the value of the in vitro organoid test. In cystic 
fibrosis (CF), patient-derived organoids of rectal tissue have enabled large scale screens with 
novel compounds targeting the spectrum of mutant genotypes that result in a defective 
CFTR protein [137, 140, 141]. Allocating a specific compound (CFTR modulator) based on 
this personalized assay has resulted in significant clinical benefit for CF patients [137, 140, 
141]. Also, several targeted anti-cancer drugs appear to respond according to expectations in 
vitro in organoids with a valid target [55]. Importantly, the latter has not been validated yet 
in individual patients [55]. The mechanism of action of chemotherapy however presents the 
highest level of complexity, making this a challenging task that will require testing of multiple 
approaches. Also, extrapolation of the disappointing data from the combination 5-FU/
capecitabine and oxaliplatin to other chemotherapies cannot be done without further studies. 
Single agent treatment is easier to mimic in vitro, and initial results of other chemotherapy 
combinations (5-FU/capecitabine and irinotecan) appear more promising and may be able to 
better differentiate between responsive and resistant patients (unpublished data). 
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Figure 4. In vitro response and patient outcome – Part A demonstrates dose response curves of three different 
outcome parameters, where curves are overlapping between patients with and without clinical benefit. PR: Partial 
Response, SD: Stable Disease, PD: Progressive Disease, RC: Resistant control. Part B plots the clinical outcome 
(percentage change in tumor diameter) against in vitro outcome. *Resistant control: no exact RECIST best % change 
known. Part C shows Kaplan Meier curves, where PFS is plotted for three different groups (samples with a low area 
under (AU), high AU and intermediate AU, which are respectively sensitive, resistant or intermediately sensitive in 
vitro).  

An important finding of our studies is that it puts to rest an ongoing concern about the effect 
of sampling bias on the use and development of predictive assays. As shown in the results, 
treatment response of the biopsied lesion was highly concordant with overall response of all 
target lesions of the patient. These findings should of course be re-tested after expansion of 
the cohort, but nonetheless provide confidence that sampling of a single metastasis could 
be sufficient for biomarker studies in the case of colorectal cancer patients treated with 
chemotherapy. 

To conclude, in this initial analysis, patient-derived tumor organoids were not able to predict 
treatment response to 5-FU/capecitabine and oxaliplatin. Further in-depth studies are 
needed to determine whether the test can be improved or whether other chemotherapies 
may be more appropriate. 
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Sample MMR status Genetic profile

APC TP53 KRAS  PIK3CA EGFR BRAF AKT MEK

1 MSS G12A

2 MSS Q61H

3 MSS K57N

4 MSS V600E

5 -

6 MSS

7 MSS A146T E17K

8 MSS Q1291 G12V

9 MSS A876*/L1564* L382fs G22L G542L

10 - R216* R248Q V344G D594G

Supplementary table 1. Molecular characterization – MMR: mismatch repair, fs: frameshift. Black/white/grey 
illustrates if a genetic aberration in a gene is present, absent, or if this has not been analyzed for this gene. If 
specifications of the genetic aberration are known, this information is provided in the black box.
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Abstract 

Background: 
The promise of precision medicine is seriously hampered by the lack of truly specific tests to 
select patients for treatment. This is mostly because tumor cells contain a large number of 
molecular abnormalities of which relevance and function are poorly understood. Therefore, 
we have developed the SENSOR study, in which we will evaluate if drug response of patient-
derived tumor organoids (PDTO), 3D cultures of cancer cells, can be employed to select 
targeted treatment for the individual patient. We will describe the design of the study as well 
as the first results.  

Methods: 
The SENSOR study is a single center, prospective, intervention study. The primary objective 
is to evaluate the efficacy of PDTO to successfully allocate patients for treatment with 
targeted agents. The primary endpoint is response rate according to RECIST 1.1. Patients with 
metastatic colorectal cancer are included, undergo a baseline biopsy procedure to generate 
tumor organoid cultures, which are then subjected to a drug screen with eight targeted anti-
cancer drugs. If a more than 10-fold reduction in organoid viability is observed in vitro, the 
patient will be offered treatment with that specific compound after all regular treatment 
options have been exhausted. 

Results: 
A screen on a test panel of nineteen tumor organoids has demonstrated differential drug 
sensitivity, with four out of eight drugs meeting the criteria of an in vitro response. The study 
has been initiated November 2016 and since then accrued 16 patients. Four of these patients 
will not be eligible to start study treatment (clinical deterioration (n=2), biopsy not done (n=1), 
culture failed (n=1)). Seven cultures succeeded and were screened whereas five cultures are 
still ongoing. Of these seven cultures, two have shown in vitro sensitivity to AZD2014, an 
mTOR inhibitor. 

Conclusion: 
Implementing tumor organoids in early clinical studies is feasible. If this platform is capable 
of identifying patients who will benefit from a drug, this will result in reduced attrition rates 
for new targeted compounds, better application of new and currently registered targeted 
therapies and an overall improvement in the treatment of patients with cancer.
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Introduction

The clinical development of novel anti-cancer agents is significantly hampered by our 
inability to predict drug sensitivity for individual cancer patients [22, 28]. Current practice 
demonstrates that many novel drugs are discarded because of presumed inactivity, often as 
a result of testing drugs in suboptimal patient populations. Selecting a target population for 
clinical drug testing is largely guided by results from limited panels of cell lines with a particular 
background or genotype, which do not always reflect the true genetic and phenotypic 
complexity of patients with a certain tumor type [152, 182]. Also, FDA/EMA approved drugs 
may have activity in other rare “niche” populations of patients if the proper molecular profile 
is present. An illustrative example is the application of HER2 targeted therapy in both HER2-
amplified gastric and breast cancer [17, 29]. Understanding cancer biology in the context 
of treatment response requires large biomarker identification studies, basket trials and 
extensive molecular databases with corresponding clinical outcome. These efforts take years, 
if not decades to complete, limiting its impact on clinical practice. 

Hence, there is an unmet need for alternative approaches that better reflect the dynamics 
within tumor specific patient populations. An important first step came from the use 
of Patient-Derived Xenografts (PDX). These personalized platforms yielded impressive 
clinical results (88% response rate), and have also significantly facilitated pre-clinical drug 
development programs [40, 41, 46]. Despite the profound advantages that PDX can offer, PDX 
do not facilitate high-throughput testing, require significant resources and can take up to nine 
months to produce a drug sensitivity profile for an individual patient. Patient-Derived Tumor 
Organoids (PDTO) are less resource intensive and easier to work with, and are representative 
of the individual patient [43, 44, 51, 56, 57, 127, 144]. PDTO offer the significant advantages 
of a high take rate, are amenable for high-throughput drug screening, and hold improved 
time lines (2-3 months for a drug sensitivity profile) [43, 44, 55, 56, 127].PDTO may have the 
potential to improve personalized medicine programs as well as preclinical drug discovery 
efforts. Despite the absence of a functional immune system and stromal compartment, 
different drug exposure, and altered pharmacokinetics, we do believe that intrinsic resistance 
or sensitivity to a targeted inhibitor, due to a molecular predisposition, can, at least partly, 
be reflected in vitro and help guide treatment and drug development [43]. Classically, phase 
1 studies are designed to determine safety, pharmacokinetics and dosing schedules of new 
drugs. However, extension of phase 1, phase 1B, already allows for testing in a particular 
schedule and may enrich for a target population. In this phase, in vitro testing with tumor 
organoids may be beneficial to improve response rates beyond the reported 5-10% [183]. 
To properly evaluate the feasibility of PDTO to select patients for treatment, the SENSOR 
(selecting cancer patients for treatment using tumor organoids) initiative was launched, 
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where individual patients are treated with a targeted agent only when significant tumor 
inhibition is observed in vitro. In this manuscript we describe the various aspects that were 
taken into account in the design of the SENSOR study, as well as the first results of the study. 

Methods 

Study design
The SENSOR (NL50400.031.14) is a mono-center intervention study with a screening and 
intervention part. Patients can be enrolled in the screening part of the study if they have 
locally advanced or metastatic colorectal cancer, are able and willing to undergo a biopsy 
procedure, have RECIST 1.1 evaluable lesions, ECOG performance status 0-1, and have no 
curative treatment options. Patients should be referred before they start their last Standard 
Of Care (SOC) treatment option. In this part of the study, patients sign informed consent, 
undergo a tumor biopsy procedure (histology, 18Gauge) and blood withdrawal. After these 
study proceedings, patients will continue with their last SOC treatment option. 

The baseline (before start of last line of SOC treatment) tumor biopsy is used to culture tumor 
organoids, which will subsequently be exposed in vitro to eight different targeted compounds. 
If an in vitro response is observed for one of these compounds, the patient is eligible to 
enroll in the intervention part of the SENSOR study, where he/she will be treated with that 
particular compound, after the patient has exhausted the last SOC treatment option. For each 
treatment arm in the SENSOR study, there is a separate protocol, in- and exclusion criteria, 
and informed consent. When patients are referred for the intervention part of the study, they 
will first undergo baseline screening for that specific treatment arm. If patients fulfill all study 
criteria, a tumor biopsy procedure will be repeated, and patients will subsequently start with 
their experimental treatment. Patients are followed for treatment response by Computed 
Tomography (CT) every 2 months, according to RECIST 1.1. The trial design is depicted in 
figure 1. Patients who have previously participated in the TUMOROID study (NL49002.031.14) 
or CPCT-02 (NL35781.041.11) study, through which organoid cultures have been generated 
and that show drug sensitivity to one of the SENSOR drugs, are also eligible to enroll in the 
intervention part of the SENSOR study. 
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8Figure 1. Study design – This figure illustrates the trial design of the SENSOR study. SOC: Standard Of Care. GR: 
growth rate metric. RECIST: Response Evaluation Criteria In Solid Tumors. 

Study regulatory compliance
Protocol approval was granted by the ethical review board of The Netherlands Cancer Institute. 
The protocol complied with the Declaration of Helsinki, Dutch law and Good Clinical Practice. 
All patients provided written informed consent prior to any study-related procedures. 

Treatments 
Experimental treatments included in the protocol are in early stages of clinical testing, but 
can also be registered for an indication other than colorectal cancer. The number and type 
of drugs is dynamic throughout the study, with the only prerequisite, that a recommended 
phase II dose should have been established. The drugs that are presently available in the 
SENSOR study, and their respective targets, include AZD2014 (mTOR), selumetinib (MEK), 
gefitinib (EGFR), PF-05212384 (PI3K/mTOR), axitinib (multi-kinase), PF-04449912 (SMO), 
AZD5363 (AKT), and palbociclib (CDK4/6). All drugs are given orally, with the exception of PF-
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05212384. The doses and schedules are as follows, AZD2014: 125mg BID, 2 days on/5 days 
off; selumetinib: BID 75mg, continuously; gefitinib: 250mg QD, continuously; PF-05212384: 
154mg QW, continuously; axitinib: 5mg BID, continuously, and can be titrated up based on 
tolerance; PF-04449913: 320mg QD, continuously; palbociclib: 125mg QD, 3 weeks on/1 
week off; AZD5363: 480mg BID, 4 days on/3 days off. 

Considerations in trial design and assay development 

Bridging the analysis period
Generally, it requires 2-3 months to generate tumor organoids and perform a drug screen to 
identify a potentially active targeted therapeutic. This can however differ per patient and is 
highly dependent on the amount of starting material and the growth rate of their individual 
tumor organoids. Patients who have no regular treatment options left, often have rapidly 
progressive tumors and do not have time to wait. To allow for adequate time for the analysis 
period, we have chosen to include patients and initiate the screening part of the study before 
the patient starts with their last SOC treatment option. This allows patients to bridge the 
required testing time. 

Changes in drug sensitivity upon SOC treatment
It is known that drug sensitivity of tumors may change over time due to genomic instability, 
clonal evolution and/or therapeutic pressure [184-186]. As patients in the SENSOR study, 
before treatment with an experimental agent, first complete one line of SOC treatment, 
this could have altered the drug sensitivity phenotype This effect might obscure us from 
correctly determining the potential of PDTO to allocate patients to an effective targeted 
therapeutic. To correct for this effect, before start with the experimental treatment, a 
second tumor biopsy is mandatory. This biopsy, and subsequent biopsy-derived organoids, 
will not be used for treatment decisions, but to evaluate if the previous line of treatment 
altered the drug sensitivity phenotype. The second tumor biopsy is preferably taken from 
the same lesion as biopsied during baseline, to correct as best as possible for intra-patient 
tumor heterogeneity. This is best illustrated by organoids obtained from a patient (TUM036) 
included in the pilot set. Paired biopsy-derived tumor organoids were retrieved before and 
after treatment with the combination of oxaliplatin and capecitabine (CAPOX). Whereas the 
pre-CAPOX biopsy-derived organoids were classified as sensitive to PF-05212384 (PI3K/mTOR 
inhibitor) according to our pre-defined threshold, the post-CAPOX biopsy-derived organoids 
were somewhat less sensitive, and as a result the patient no longer qualified as an in vitro 
responder according to our criteria (figure 2). Interestingly, the pre-CAPOX biopsy specimen 
had a PIK3CA G545L mutation (allele frequency 29%), whilst in the post-CAPOX biopsy, this 
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mutation could no longer be detected. Both biopsies were obtained from the same tumor 
lesion.

Figure 2. Altered drug response after CAPOX treatment – This figure shows drug response of TUM36 to all eight 
compounds before and after standard of care CAPOX treatment. On the x-axis, 1 is the pre-treatment biopsy, 2 the 
post-treatment biopsy. GR is Growth Rate Inhibition Metric. The dotted line is the threshold for in vitro response.  

Developing the in vitro drug sensitivity assay and setting a test threshold
During the development of an in vitro assay to allocate targeted therapy to the individual 
patient, several key aspects were considered. First, the concentration of drug to be used in 
vitro. The mean Cmax plasma concentration of each drug was used for in vitro testing, working 
under the assumption that an effect at the maximum achievable concentration in patients 
is required. Ideally, organoids should be exposed to the intra-tumoral concentration of the 
active metabolite(s) of each drug. However, data on the intra-tumoral concentration of each 
drug, let alone the active metabolite, is often not available. This has only been investigated 
for a limited number of drugs, such as capecitabine, which has provided proof of concept 
that the intra-tumoral concentration of the active metabolite can be >10 times higher than 
the Cmax concentration in the blood as a result of intra-tumoral conversion [187]. Gefitinib has 
also been reported to have a 12-fold higher concentration in the tumor compared to plasma 
[Investigator’s Brochure]. Considering the relation between Cmax and the maximum tolerable 
dose in patients, testing a concentration 10 times the Cmax in vitro is not realistic. Testing the 
Cmax concentration might underestimate the effect of the drug, but will produce more viable 
results. Another obstacle to this approach, is that some drugs have more than one active 
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metabolite that can induce an anti-tumor effect, and it is equally possible that not all active 
components have yet been identified. Taking into account previous publications describing 
that tumor organoids can possess enzymes to activate pro-drugs (such as CES2 in irinotecan), 
and most of the drugs in the SENSOR study do not necessitate conversion to become active, it 
was decided to expose the organoids to the mean Cmax concentration that has been reported 
in phase I/II clinical studies (table 1) [43].

Secondly, the duration of exposure was discussed. Because organoids generally reach a size 
that limits their proliferative capacity at around 10 to 12 days, which would require splitting 
and re-plating, a 6 day exposure time was used for the assay. Furthermore, a six day assay 
does not necessitate refreshing of medium during the exposure time, and also creates a 
bigger window to observe differences between the control and treated organoids as opposed 
to a shorter assay time. 

Drug Cmax concentration

AZD2014 (MTOR) 2.49 μM
AZD5363 (AKT) 3.7 μM
Selumetinib (MEK) 2.6 μM 
Gefitinib (EGFR) 0.7 μM
Palbociclib (CDK4/6) 0.303 μM
Axitinib (multi-kinase) 0.163 μM
PF-05212384 (PI3K/MTOR) 0.407 μM
PF-04449913 (Smoothened) 8 μM

Third, we established criteria which determined whether a drug was deemed active. Because 
of the limited success of translating in vitro findings in cell lines to clinical benefit, we chose 
a very restrictive approach in order to maximize the clinical success rate. In order to qualify 
as an in vitro response, a drug would have to induce at least a more than tenfold inhibition of 
growth, or a cytotoxic effect. 

Fourth, the growth rate between organoids of different patients, but also of different biopsies 
of the same patient over time, can differ significantly and might result in misrepresentation of 
drug sensitivity. To correct for this potential confounder, we used the Growth Rate inhibition 
metric (GR) to measure drug sensitivity. The GR is a metric proposed by Hafner et al. and 
Harris et al. which corrects for seeding density and variation in growth rate by incorporating 
a quantification of the number of viable cells at baseline rather than only looking at the 
difference between treated and untreated organoids at the end of the drug sensitivity assay 

Table 1. Cmax concentrations of the study drugs
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[160, 161]. If the metric is between 0 and 1, there is growth inhibition, if the value is below 
0, there is a true cytotoxic effect. We decided that to qualify for treatment with a particular 
drug, the GR metric on the Cmax concentration should be 0.1 or lower. 

To test if this threshold would be sufficiently stringent, a set of nineteen different colorectal 
tumor organoids was used to evaluate drug sensitivity to the eight different compounds 
currently used in the study. For the pilot set, organoids were tested in a technical triplicate 
and a biological duplicate was performed if in vitro drug sensitivity was observed. 

For study patients, a technical triplicate and biological duplicate is standard. If results from 
the biological duplicate are discrepant, i.e. in vitro drug sensitivity cannot be repeated, a third 
drug response assay will be performed, which is decisive. 

The CellTiter-Glo 3D Cell Viability Assay (Promega #G9681) was used for organoid drug 
response assays because it enables high-throughput screening, provides reproducible 
results, and is not very labor intensive. The assay quantifies ATP, which is representative 
of the number of metabolically active cells. Additionally we have implemented automated 
microscopy as an extra quality control, to enable thorough review of any discrepant results. 

More detailed information on the experimental set-up for establishing PDTO and drug screen 
is described in supplemental methods and materials. 

Results 

Screening a pilot set of colorectal tumor organoids demonstrates differential drug response
To estimate the number of patients that would display in vitro drug sensitivity based on 
the pre-defined threshold for response, colorectal cancer organoids of nineteen patients 
were screened for drug response (figure 3). These nineteen tumor organoids were mostly 
derived from metastatic lesions (n=12), whereas seven were derived from primary tumors 
(some of which have been previously described by van de Wetering et al. and Weeber 
et al.) [55, 56].We observed differential drug sensitivity and in vitro responses for four of 
eight drugs, including the mTOR inhibitor AZD2014 (3 responses / 19 samples), the MEK 
inhibitor selumetinib (1/19), the EGFR inhibitor gefitinib (1/19) and the PI3K/mTOR inhibitor 
PF-05212384 (3/19). Axitinib (multi-kinase inhibitor) and PF-04449913 (SMO inhibitor) 
both demonstrated the same (resistant) drug response pattern across the entire test set. 
Palbociclib (CDK4/6 inhibitor) and AZD5363 (AKT inhibitor) both also did not meet the criteria 
for an in vitro response, but did show differential drug sensitivity, with one tumor organoid 
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Figure 3. Differential drug response in test set – This figure demonstrates drug response of nineteen tumor organoids 
(pilot set) to eight different targeted inhibitors. On the y-axis is the Growth Rate inhibition metric on the Cmax 
concentration of that particular drug. On the x-axis are the organoids included in the test set. The dotted line is the 
threshold for in vitro response. Drug sensitive organoids are colored red.  
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almost qualifying as sensitive to AZD5363. Importantly, these findings are in line with clinical 
experience with these drugs in colorectal cancer as described in the investigator brochure or 
literature [188-191]. Three out of eight hits were directly confirmed in the biological replicate, 
and for five remaining hits, a third replicate determined the final decision between response 
or non-response (supplemental figure 1). 

In vitro drug response does not always match the molecular profile of the tumor
Table 2 details on the molecular profiles and drug sensitivity of the tumor organoids that 
were used in the pilot set. Drug sensitivity could not always be predicted based on the 

Sample In vitro response Origin MMR 
status

Genetic profile

APC TP53 KRAS  IK3CA EGFR BRAF AKT MEK

TUM036 PF-05212384 M MSS Loss G12C G545L

P19b PF-05212384 P MSI

ITO058T PF-05212384 P MSI T1556fs V600E

P31 AZD2014 P MSS Del/fs Del

TUM010 AZD2014 M -

TUM038 AZD2014 M -

P18 Sel + gef P MSS Del

CPCT157 No drug M - L153I/del C275Y K182T

CPCT168 No drug M - Q1378* R175H G12V R38C

ITO057T No drug P MSI C589Y R174Q

ITO20-2 No drug M MSI R234C

P23 No drug P MSS Del/fs

P24a No drug P MSS Fs Del

TUM001 No drug M - Del G245S A146V

TUM003 No drug M MSS G12A

TUM004 No drug M MSS Q61H

TUM007 No drug M - Q56P

TUM037 No drug M -

TUM20a No drug M MSS V600E

 
Present Absent Unknown

Table 2. Molecular characterization of test set – MMR: mismatch repair, MSI: microsatellite instable, MSS: 
microsatellite stable, sel: selumetinib, gef: gefitinib, P: primary tumor, M: metastasis, del: deletion, fs: frameshift. 
Black/white/grey illustrates if a genetic aberration in a gene is present, absent, or if this has not been analyzed for 
this gene. If specifications of the genetic aberration are known, this information is provided in the black box.
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genetic background of the tumor organoid. The sole responder to gefitinib did not harbor 
any mutations in EGFR. Similarly, selumetinib did not demonstrate a specific pattern with 
regard to molecular aberrations; most interestingly, the only known MEK mutated patient 
(activating mutation) did not display any in vitro drug sensitivity. For PF-05212384, there was 
a relatively higher degree of drug sensitivity in the PIK3CA mutated organoids; two out of 
three in vitro responders had a PIK3CA mutation (compared to three out of sixteen in vitro 
non-responders). The observed trend was not statistically significant (Fisher’s Exact, p=0.155). 
For AZD2014, all tumor organoids showed a relative decrease in growth upon treatment, this 
was not correlated to mutational background. 

Inclusion and preliminary results
Enrollment started November 2016. Since then, sixteen patients have been enrolled in the 
screening part of the study (figure 4). Six cultures have thus far been tested for drug sensitivity, 
and two displayed an in vitro response. The feasibility of the SENSOR approach is depicted in 
figure 4. Patients who have been enrolled through the SENSOR (or other organoid studies) 
and are lined up to start, or who have started treatment with an experimental treatment 
after exhausting all regular treatment options, are summarized in figure 5. 

Conclusion 

To summarize, we have developed an organoid-based platform for improving drug 
development. The SENSOR study is an intervention study, where treatment with targeted 
inhibitors is guided by in vitro drug sensitivity of patient-derived tumor organoids. Testing 
a panel of patient-derived tumor organoids for eight targeted inhibitors demonstrated 
differential drug sensitivity, with four out of eight drugs eliciting a response in vitro. Genetic 
profiles of the tumor organoids were not always concordant with the expected in vitro drug 
response, highlighting the potential importance of a dynamic organoid-based assay embracing 
all complexities. The first treatment response data are eagerly awaited and will show the 
potential of patient-derived tumor organoids to select patients for treatment, and provide 
a unique opportunity to improve personalized medicine pipelines and drug development. 
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Figure 4. Study accrual and feasibility of the study – This flowchart illustrates the patients who have currently been 
enrolled in the SENSOR study (screening part and intervention part). SOC: standard of care  
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aberration are known, this information is provided in the black box.
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 # represents the repeat for each sample. GR: Growth Rate inhibition metric. The dotted line is the threshold for in 
vitro response. Responsive organoids are indicated in red.

Supplemental figure 2. Correlating ATP response and microscopy quantification – Part A portrays the results from 
the ATP assay, which indicated the drug had a significant effect on tumor growth rate. Part B displays the microscopy 
images that were retrieved during the assay. # represents the repeat for each sample. GR: Growth Rate inhibition 
metric. DMSO is the untreated control.
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Supplemental materials and methods

Organoid culture
18 Gauge biopsy specimens were deposited in a 15mL tube with medium, hereafter referred 
to as Ad-DF+++ [Advanced Dulbecco’s Modified Eagles Medium with Nutrient Mixture F-12 
Hams (Ad-DF) (Invitrogen; #12634), 1% penicillin/streptomycin (Invitrogen; #15140-122), 
1% Hepes (Invitrogen; #15630-056), 1% GlutaMAX (Invitrogen; #35050)] and stored for a 
maximum of 48 hours at 4°C before they were brought in culture. Biopsies were mechanically 
dissected on a petri dish (pre-coated with FBS) using fine needles. Fragments were collected 
and washed with PBS, after which they were embedded in a mixture of Geltrex (Invitrogen, 
#A1413201) and complete medium [Ad-DF+++ 70%, Noggin conditioned medium 10% [49], 
R-spondin1 conditioned medium 20% [49], 1 x B27 supplement (Invitrogen, #17504044), 
1,25 mM N-Acetylcysteine (Sigma-Aldrich #A91655G), 50ng/mL human recombinant EGF (BD 
bioscience, #354052), 10mM nicotinamide (Sigma-Aldrich, #N0636), 500nM A83-01 (Tocris, 
#2939), 3 µM SB202190 (Cayman Chemicals, #10010399), 10nM Prostaglandine E2 (Cayman 
Chemicals, #14010-1)] in a 2:1 ratio (=10mg/mL of Geltrex). The mixture was plated in small 
drops on a pre-warmed 6-well plate. Geltrex was polymerized at 37°C for 20-30 minutes 
and subsequently overlaid with complete medium. The first two weeks of culture after 
isolation from a biopsy specimen, 1:500 Primocin (Invivogen #16F22-MM) was added. When 
passaging, starting up a culture, or after thawing, 10µM Y-27632 (Sigma-Aldrich #Y0503) was 
added. Medium was refreshed every 2 to 3 days. The amount of medium used: 500µL/well 
in a 24-well plate, 800µL/well in a 12-well plate, 2mL/well in a 6-well plate. Organoids were 
passaged at least every 14 days to refresh Geltrex, or if they reached a size >200 µm, the plate 
became too confluent, or the medium was acidifying too rapidly. Medium was removed and 
replaced with 1mL cold Ad-DF+++. Organoids were mechanically disrupted using a pipette 
tip, and re-suspended in medium by repeatedly pipetting up and down. After they were 
spun down (1500rpm, 5’, 4°C) and medium and Geltrex were removed, they were re-plated 
in fresh Geltrex (10mg/mL), which was allowed to polymerize, and subsequently overlaid 
with complete medium. Organoids were re-plated in the same amount of wells. Outgrowing 
organoids were passaged every 7 to 10 days using mechanical and enzymatic disruption, 
all steps were similar to passaging the organoids, but before organoids were re-embedded 
in Geltrex, the cell pellet was resuspended in 1mL TrypLE Express (Invitrogen #12605-035), 
vortexed for 10 seconds and placed in a 37°C waterbath for 5-15 minutes. TrypLE Express 
was diluted using 5- to 10-fold excess Ad-DF+++. This was spun down (1500rpm, 5’, 4°C), 
supernatant was removed, and organoids were re-plated in Geltrex (10mg/mL), which was 
allowed to polymerize, and subsequently overlaid with complete medium. Organoids were 
re-plated in the same amount of wells, or split 1:2. 
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Drug sensitivity assay
The SENSOR assay including preparations takes a total of 10 days. On day 0, organoids were 
isolated and trypsinized and plated as described in the previous paragraph. However, before 
plating, organoids were also filtered (40µm). On day 4, organoids were isolated, resuspended 
in Ad-DF+++, and the concentration of organoids was determined. A fraction containing the 
desired number of organoids was retrieved, spun down (1200rpm, 5’, 4°C), and resuspended 
in the appropriate amount of Geltrex (10mg/mL) (100 organoids / 5µL Geltrex / well). The 
repeat/automated pipette was coated with FCS and 5µL organoid suspension was plated per 
well of a 96-well plate (per patient 40 wells on one plate, and 6 wells on another plate). 
This was incubated for 30 minutes at 37°C. The plate with 6 wells was used for a baseline 
measurement, and supplemented with 50µL Ad-DF+++ per well. The plate was equilibrated 
at room temperature for 15 minutes, after which 50µL of CellTiter-Glo 3D reagent (Promega 
#G9681) was added per well. The contents were mixed for 5 minutes on an orbital shaker and 
incubated at room temperature for 25 minutes. Luminescence was recorded with a Tecan 
Reader M200 Pro, using an integration time of 1000ms. In the meanwhile, for the plate with 
40 wells, 200µL of complete medium was added per well, including the active compounds or 
DMSO control. All drugs were tested in triplicate, in the following concentrations; AZD2014 
2.49µM, AZD5363 3.6µM, selumetinib 2.6µM, gefitinib 0.7µM, palbociclib 0.303µM, axitinib 
0.163µM, PF-05212384 0.407µM, PF-04449913 8µM. Sixteen wells were DMSO treated. On 
day 5, microscopy pictures were recorded for all wells. On day 10, the microscopy steps were 
repeated, medium was removed from the wells, and all steps for the CellTiter-Glo assay as 
described above were repeated. 
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Chapter 9

General discussion and future perspectives 
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Biomarker studies

The first part of this thesis is dedicated to biomarker studies, more specifically, studies aimed 
at the identification of biomarkers for the mTOR inhibitor everolimus. Both studies employ a 
different approach. The first is a retrospective analysis of a single case, wherein a patient had 
a significant anti-tumor response to treatment. The second study describes the results of a 
prospective multi-center cohort study.

Case studies as presented in chapter 2 cannot be used to systematically influence therapeutic 
decision making, but can be instrumental sources of information in the treatment of rare 
diseases such as PEComa, and are important to generate hypotheses about potential 
biomarkers. This case-report was striking however, because a tumor that went into complete 
remission upon treatment, had no genetic aberration in the pathway that had been blocked. 
Of course, there is always the possibility that the hyperdiploid karyotype of this tumor flipped 
on the switch of the mTOR signaling pathway. However, as this concerned only one patient, 
and a very rare tumor, in combination with a never before seen genetic aberration for that 
tumor, this will probably remain n=1 and no definite conclusions can be drawn from the data. 
Nonetheless, these studies, in combination with other published case reports and case series 
can provide leads for basket trials and other biomarker studies. 

Chapter 3 presents a more structured method to study biomarkers for response. This study 
was designed to identify biomarkers for the mTOR inhibitor everolimus, agnostic of tumor 
type and genetic background. This means that any patient with metastatic disease, who has 
no other treatment options left, is eligible to enroll. A complicating factor for the study design 
however, was to determine a sample size upfront using power calculations, because the tumor 
types included would be of influence on the frequency of mTOR pathway related mutations. 
Eventually this approach resulted in a low number of recurrent molecular aberrations, and 
therefore the study lacked power to firmly establish a genetic profile that could be used for 
patient selection. However, as previous experiments in cell lines had already established the 
influence of PTEN gene status on sensitivity to everolimus, we felt safe to perform a one-sided 
test in our patient samples to evaluate if PTEN gene status was again correlated to clinical 
benefit. Despite a statistically significant result, these findings require prospective validation 
before they can be used in daily practice. Ideally, this would be done using a randomized 
design, and/or by performing a similar study, but limiting the inclusion to patients with a 
PTEN genetic aberration. If clinical benefit can be improved compared to this study (85% TTP 
ratio responses as opposed to 49% in the evaluable patient population), there is a clear signal 
that PTEN aberrations can be used for pre-treatment stratification. 
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To further investigate if PTEN status can predict treatment response, a collaboration has also 
been initiated with the investigators of the SHIVA and MOSCATO trial [31, 33]. Both of these 
trials have treated patients with everolimus (or other mTOR inhibitors), if the mTOR pathway 
had been perturbed. These data sets were already enriched for PTEN and other mTOR 
pathway related aberrations. By pooling mTOR inhibitor data of all three studies, a bigger 
sample size can be created to evaluate the effect of PTEN status on treatment response. 
Also, the investigators of the SHIVA trial have developed a computer algorithm to predict 
treatment efficacy of everolimus by combining DNA sequencing data and CGH array analysis. 
This algorithm doesn’t merely evaluate a single gene or particular combination of genes, but 
interprets the entire genetic landscape of the tumor and processes it to simply determine if 
the patient will or will not respond. They have developed this algorithm using data from the 
SHIVA trial, and data from the CPCT-03 and MOSCATO study will be used as a validation step. 
This illustrates that (inter-)national collaborations are essential to move forward and more 
efficiently use the data we have derived. 

Chapter 3 very aptly illustrates the difficulties that can be encountered in the conduct of 
biomarker studies. When the first biomarker studies were initiated, DNA sequencing 
techniques were still in its infancy and there were high hopes for biomarker-based treatment, 
galvanized by the success stories of several biomarker-drug combinations. Unfortunately, 
studies were often underpowered because the expected effect of a genetic aberration was 
overestimated, and all-comer study designs can dilute the number of recurrent genetic 
aberrations. The overestimation of genotype-response correlations can be a result of drug 
sensitivity profiles from in vitro studies not always being completely representative of patient 
samples, and the interplay of other (epigenetic) factors that also fuel a tumor’s drug sensitivity 
phenotype[24, 192]. 

To identify molecular signatures that can predict treatment outcome, other study designs 
with more homogeneous patient groups (basket trials), or international collaborations to 
establish large cohorts of patients (>1000), are necessary [7, 112, 113, 193-196]. Pooling of 
data and building (inter-)national collaborations will require considerable efforts, as institutes 
often employ different sequencing machines, bioinformatics pipelines, measures of clinical 
outcome, and some institutes also face restrictions in data sharing due to legislation or good 
clinical practice guidelines [114, 197].
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Preclinical cancer models to guide therapeutic decision making

In this thesis, we also focus on the transition of a new technology to the clinic. Chapter 
5 provides an introduction to organoid culture and highlights its use to improve drug 
development pipelines, also compared to other preclinical cancer models. In chapter 6, 
we’ve described the research that has laid the groundwork for our clinical trials, to evaluate if 
patient-derived tumor organoids can be employed to improve patient selection for treatment. 
Because treatment pressure can alter clonal composition and drug sensitivity of the tumor, 
and fresh tumor tissue is a prerequisite for organoid culture, the first step was to determine 
the take rate of culture from histologic biopsy specimens [184, 198]. If culture success from 
biopsy specimens would have been low (<50%), this technology would be less suitable as a 
personalized platform, because it would not have been accessible to the majority of patients. 
With a take rate of 71% (chapter 6), there was sufficient confidence to move forward with 
the project. The second step in the translation of this technology to the patient, was to 
evaluate if the tumor in the dish was still representative of the tumor in the patient. We know 
from cell lines that culturing a tumor can significantly influence the genomic constitution 
and heterogeneity of the tumor [103, 149-152]. Only if the heterogeneity of the tumor is 
retained, and the landscape of tumor mutations is similar, can we have any hope that in 
vitro efficacy of a drug models the efficacy in the patient. Chapter 6 describes the results of 
a comparison of patient-derived tumor organoids and corresponding biopsy specimens on 
DNA and copy number level. Because these results indicated a high degree of concordance, 
and the discordance did not include (currently known) genes that could be relevant for the 
development or drug sensitivity of colorectal cancer, we felt confident to move forward with 
prospective validation studies. 

There are a two major niches in the metastatic setting where a personalized functional 
platform can be of significant value. The first is to identify patients that will not benefit from 
standard of care chemotherapy. At present, each patient is offered a panel of treatment lines 
based on his / her primary tumor type. Unfortunately, as discussed, this does not necessarily 
mean they will also derive clinical benefit from treatment. Preferably, patients who will not 
benefit from treatment, should be identified at an earlier time point, in order to prevent 
unnecessary treatment. However, to state that a patient should not start with a particular 
treatment, a very robust and reliable assay is needed that can identify the non-responder 
population with a high degree of certainty. If your test is only correct in 70% of cases, many 
patients will start with the treatment despite being identified as a “non-responder”. Only 
when the negative predictive value is 95% or more, can patient-derived tumor organoids 
be used in this setting. To evaluate the negative predictive value of patient-derived tumor 
organoids for clinical benefit from standard of care chemotherapy, the TUMOROID trial was 
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initiated. The TUMOROID trial is a multi-center prospective cohort study that aims to evaluate 
if in vitro (organoid) response is similar to the in vivo (patient) response to treatment. The 
study is designed to evaluate the platform as a diagnostic test and will produce an area under 
the receiver operating characteristics curve (AUC) that will give an estimate of the potential 
of the test. Most important though, is that matched in vitro and in vivo response data will be 
used to set an in vitro threshold for response. For patients treated with chemotherapy, there 
are established criteria that state if a patient experiences clinical benefit from treatment 
(RECIST 1.1). However, for in vitro drug response, this has not previously been determined. 
Using the matched patient response data, we can better interpret the in vitro response and 
set an empirically determined threshold for response. After the test has been established, 
and if there is sufficient promise of the test based on the AUC, a validation cohort will be 
recruited to confirm these findings. The TUMOROID study has been initiated primarily to 
identify non-responders, in order to prevent unnecessary treatment. Aside from the patient 
perspective, this is also an attractive strategy from cost perspective. Even though drug 
prices might not always be that startling, especially when the drug has run out of patent, 
the accompanying costs that can be prevented, such as hospital admission, concomitant 
medication, management of complications, still make it worthwhile to reduce costs in 
oncology care. The TUMOROID study is currently including colorectal cancer, lung cancer and 
breast cancer patients, and evaluates a diversity of treatments. The prediction of response 
to monotherapy, as well as combination treatments, chemotherapy, targeted therapy and 
hormonal treatment will be evaluated. If trial results are positive, these findings can also 
be translated to other treatments and epithelial tumor types. Chapter 7 describes an initial 
analysis of the first ten included patients of the 5-FU/capecitabine + oxaliplatin cohort. And 
whereas these results do not show a correlation between treatment outcome in vitro and in 
the patient, this does not imply that patient-derived tumor organoids are not able to predict 
treatment outcome. As mentioned in the discussion of chapter 7, the strength of organoids 
lies within the ability to re-test and sculpt the in vitro assay to more closely mimic clinical 
outcome. Also, for this analysis, only one patient had progressive disease, thereby resulting 
in an underrepresentation of inherently drug resistant patients. The next step for this study 
is expansion of the dataset and re-testing under different conditions, as well as exploring the 
predictive power of the test for other treatments or combination regimens. 

The second niche of this platform for the individual patient with metastatic disease, is to 
select treatments outside of their regular indication. After the patient has run out of standard 
of care treatment options, they are often referred to phase I clinical studies. Phase I studies 
often do not include any form of pre-selection, resulting in low response rates, with the 
possibility of discarding promising new drugs because of presumed ineffectiveness. Matching 
the right drug to the right patient can increase response rates and boost drug development. 
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To test if it is feasible to use patient-derived tumor organoids for pre-treatment stratification, 
the SENSOR study was initiated. The SENSOR study holds a dynamic assortment of targeted 
therapeutics, that can be assigned to an individual patient if their individual tumor organoids 
are sensitive to the treatment in question. If this approach is viable, and produces improved 
response rates, it might be worthwhile to consider the implementation of such an in vitro 
platform to direct patients to phase I studies, as opposed to blind selection. Also, one would 
want to incorporate more tumor types, test combinatorial regimens, and combine these 
findings with molecular data to elucidate gene signatures that correlate to treatment benefit. 
Chapter 8 describes the development of the SENSOR study, highlighting the considerations 
in trial design and assay development. This chapter also demonstrates the feasibility of using 
patient-derived tumor organoids as a personalized platform to stratify patients for treatment. 
To improve the number of patients for whom an in vitro active drug is identified, and increase 
the likelihood that study participation will result in a personalized treatment plan, we are 
currently working on 1. expanding the number of anti-cancer drugs in the study, and 2. 
including patients with other tumor types (such as breast and lung cancer). 

Personalized clinical efficacy endpoints 

As stated in the introduction of this thesis, personalized medicine also requires personalized 
endpoints to determine the efficacy of treatment. A one size fits all approach does not work 
if there are different compounds, with different mechanisms of action, that have different 
therapeutic effects. In fact, it has previously been shown, that surrogate endpoints such as 
response rate or progression free survival are not always associated with the golden standard 
for clinical benefit, overall survival [199, 200]. Drugs that received accelerated approval have 
in several cases had their approval retracted because overall survival data was not equally 
promising [199]. As previously specified, many targeted therapeutics result in delayed tumor 
growth, rather than tumor regression, and this was also known for the mTOR inhibitor 
everolimus. When evaluating tumor response according to RECIST 1.1, many of these patients 
with delayed tumor growth will end up in the Stable Disease (SD) cohort. At that point, it is 
not clear if patients have actually experienced clinical benefit (i.e. the growth curve of their 
tumor has altered), or if they simply have a slow growing tumor. Because this study enrolled 
patients with a variety of tumor types, and did not incorporate a control group, an intra-
patient control for growth rate is essential to correctly interpret the data from the trial. The 
TTP ratio described in chapter 4 employed a novel method to determine an intra-patient 
control, and illustrated that this endpoint was predictive of overall survival within the entire 
patient cohort, as well as in the stable disease cohort. And whereas some ethical questions 
were raised in light of the waiting period to start treatment, drop-out rates were comparable 



to large phase I cohorts. But most important, patients who experienced evident progression 
during the waiting period were detected at an early time point, because the first follow-up 
CT was performed at 4 weeks. In our opinion, the logistical challenges of TTP ratio pose a 
bigger problem for its widespread implementation. At present, computer software has not 
been developed to easily quantify tumor volume, which makes this method a very labor 
intensive process. However, with all the advances in the field of radiotherapy and automatic 
delineation of the tumor, there is still hope at the horizon. But even though TTP ratio is at 
present a labor-intensive endpoint, it can still serve a significant purpose in selected trial 
designs. We do not recommend it to be used to evaluate the efficacy of all standard of care 
treatment regimens, or even use it in phase 3 randomized studies, but rather to better select 
compounds in phase 1 or 2 testing that have therapeutic potential.  

The next step to enable better implementation of TTP ratio is therefore to improve and 
completely automatize volumetric measurements. Thereafter the TTP ratio should be 
validated as an effective endpoint by testing it in a separate cohort treated with everolimus, 
or even better, another cytostatic compound. If TTP ratio in the RECIST SD group is then again 
correlated to Overall Survival, we have sound evidence to support its wide-spread use for 
previously mentioned indications. 

Future perspective and conclusion

To conclude, cancer is, and remains until this day, a disease that is complicated and clever. 
Doctors and scientists have discovered many innovative and ingenious methods to target this 
malady. Thus far however, they remain outsmarted, as cancer has in most cases always been 
able to escape these attacks. Progress in treating metastatic disease has come with small 
increments, and though science has come far, there is still a lot of progress to be made in 
order to turn cancer into a chronic disease and tailor treatment to the unique tumor of each 
individual patient. Precision medicine has been, and still is, a promising development. Static 
as well as functional platforms can both contribute to improved patient selection and thereby 
treatment outcome. Recently the focus has also shifted somewhat to immunotherapy, due 
to its promising results in a diversity of tumor types. However, for immunotherapy, we come 
across the same difficulties. Not all patients respond to treatment, and we have no strategy 
to identify this population. The search for predictive markers, mechanisms of resistance, and 
in the end, the Achilles heel of cancer, will continue.  
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Summary 

Tailoring treatment to the unique cancer of each individual patient is important to improve 
patient outcomes, facilitate drug development and increase cost-effectiveness in health care. 
This thesis describes several research projects that, although they use different strategies, 
were all focused on personalized medicine in cancer.

The first part of this thesis centers around biomarker research. In chapter 2, we focus on a 
patient with a rare tumor (PEComa), who had a remarkable response to treatment with the 
mTOR inhibitor everolimus. Tumor material was stored from an earlier surgery and was analyzed 
for protein expression, as well as mutation and copy number status. Immunohistochemistry 
on downstream markers of mTOR confirmed constitutive activation of the mTOR signaling 
pathway. Whereas we expected there to be a genetic aberration somewhere in this pathway, 
that had resulted in its activation, no such aberration was found using either DNA sequencing 
or copy number analysis. As a coincidental finding, we discovered that this tumor had a 
hyperdiploid karyotype, which had never before been reported for this tumor type. Due to 
this hyperdiploid karyotype, the copy number status of genes involved in the mTOR pathway 
could have been altered, but it remains unclear if this is the reason why this patient had a 
remarkable anti-tumor response to everolimus. Chapter 3 describes results from the CPCT-
03 study. The primary goal of this study was to identify biomarkers that could predict if 
patients would benefit from treatment with everolimus. In this study, patients with any type 
of advanced solid malignancy were included, treated with everolimus and underwent a pre-
treatment biopsy procedure. Tumor biopsies were used for biomarker analysis, consisting of 
DNA sequencing (1,977 gene set), copy number analysis and immunohistochemistry of pERK 
and pS6. Treatment benefit was determined using TTP ratio and standard RECIST criteria. This 
study revealed that mutations or deletions in PTEN could represent a tumor type agnostic 
biomarker for treatment benefit from everolimus (P=0.046). This finding should be validated 
in a subsequent follow-up study. In Chapter 4, we further describe TTP ratio as a clinical 
trial endpoint to measure clinical benefit of a particular treatment. The TTP ratio uses an 
intra-patient control that corrects for natural tumor growth rate, and is especially useful to 
measure benefit of compounds that induce a reduction in tumor growth rate, as opposed to 
tumor regression. Response according to either RECIST or TTP ratio both correlated to Overall 
Survival. Clinical benefit according to TTP ratio however, was also able to differentiate which 
patients had a longer Overall Survival within the RECIST stable disease cohort.

The second part of this thesis focuses on patient-derived functional platforms, and especially 
tumor organoids, to predict treatment response in patients. In chapter 5 we describe 
the characteristics of the tumor organoid culture platform, highlight its advantages and 
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disadvantages in the light of other model systems, and make a case for its use in drug 
development. In chapter 6, we describe the culture from single 18 Gauge metastatic biopsy 
specimens (71% success rate). More important though, is that the genetic landscape of these 
biopsies was preserved in culture. Ninety percent of all somatic mutations could be found 
in the original biopsy, as well as the biopsy-derived cultures. Copy number profiles showed 
a correlation of 0.89. Genetic aberrations that were discordant between these samples did 
not include any aberrations known to be of influence for drug sensitivity or tumor evolution. 
Chapter 7 describes an initial screen, in which treatment outcome is compared of paired in 
vitro and patient data for 5-FU/capecitabine + oxaliplatin chemotherapy. Whereas in vitro 
drug sensitivity did not correlate to clinical outcome, measured as progression free survival 
(P=0.165), RECIST best response (P=0.679), or RECIST percentage increase or decrease in 
tumor diameter (P=0.089), this does not imply that patient-derived tumor organoids are not 
able to predict treatment response of patients, it means that the assay in its current format 
is not yet sufficient for large scale testing of the expanded cohort. These results are also not 
representative for other tumor types and treatments. Chapter 8 describes the study design 
of the SENSOR. The SENSOR is a monocenter intervention study, where treatment is selected 
for each individual patient with metastatic colorectal cancer on the basis of a comprehensive 
drug screen on their own tumor organoids. The first results demonstrate that the integration 
of patient-derived tumor organoids in the stratification of patients for an experimental 
treatment is feasible. The efficacy of this approach is currently under investigation. 
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Summary in Dutch / Samenvatting

Om de prognose van patiënten met kanker te verbeteren, de toevloed van nieuwe anti-
kankermiddelen te vergroten, en de kosteneffectiviteit in de zorg te verbeteren, is het van 
belang om iedere individuele patiënt een op maat gemaakte behandeling te kunnen bieden 
voor hun unieke tumor. In dit proefschrift staan meerdere onderzoeksprojecten beschreven, 
die zich allemaal centreren om behandeling op maat voor patiënten met kanker. 

Het eerste deel van dit proefschrift beschrijft projecten waarbij gezocht werd naar aanwijzingen 
in het erfelijk materiaal (DNA), die zouden kunnen verklaren waarom sommige patiënten wel 
of geen baat hebben bij een bepaalde behandeling. In hoofdstuk 2 gaan we in op een patiënt 
met een zeldzame soort kanker (een PEComa), die uitzonderlijk goed had gereageerd op 
de behandeling met everolimus, een gerichte remmer van mTOR. Van deze patiënt lag nog 
tumorweefsel opgeslagen, dat is gebruikt om nader te onderzoeken waarom deze tumor zo 
gevoelig was voor everolimus. Eerst is geëvalueerd of de mTOR signaleringsroute geactiveerd 
was door te kijken naar eiwitexpressie van effectoren van deze signaleringsroute, dit bleek 
daadwerkelijk het geval te zijn. Op basis van deze bevindingen ontstond de hypothese dat er 
een moleculaire afwijking aanwezig zou moeten zijn in de mTOR signaleringsroute. Daarom 
is er nader naar het DNA, en dan specifiek naar mutaties en copy number variaties gekeken. 
Hierbij werd geen oorzaak geïdentificeerd die zou kunnen verklaren waarom de tumor van deze 
patiënt zo goed reageerde op everolimus, en waarom de mTOR signaleringsroute geactiveerd 
was. Als nevenbevinding werd geconstateerd dat de tumor van deze patiënt een hyperdiploïd 
karyotype had, wat betekend dat het grootste deel van het genoom gedupliceerd was. Indien 
hierdoor de copy number status van genen in de mTOR signaleringsroute was aangetast, zou 
dit bij hebben kunnen dragen aan de extreme gevoeligheid voor everolimus. In hoofdstuk 3 
worden de resultaten van de CPCT-03 studie besproken. Het primaire doel van deze studie 
was om voorspellers te vinden, die ongeacht het tumor type, patiënten konden identificeren 
die baat zouden hebben bij behandeling met everolimus. In deze studie werden patiënten 
geïncludeerd met een vergevorderde tumor, die geen andere behandelopties meer hadden. 
Alle patiënten ondergingen een tumorbiopt voor het starten met de behandeling, waarop 
biomarker analyse werd verricht. Dit bestond uit analyse van het DNA (1,977 genen), copy 
number status en eiwitexpressie van effectoren van de mTOR signaleringsroute. Of de patiënt 
profijt had van de behandeling werd bepaald aan de hand van het TTP ratio (beschreven 
in hoofdstuk 4) en standaard RECIST criteria. Uit deze studie bleek dat afwijkingen in het 
PTEN gen mogelijk zouden kunnen identificeren welke patiënten baat zullen hebben bij 
behandeling met everolimus (P=0.046). Deze bevinding moet echter nog bevestigd worden 
met een aanvullende studie. Hoofdstuk 4 beschrijft het klinische eindpunt dat is gebruikt in 
de CPCT-03 studie, om te bepalen of patiënten wel of geen baat hebben bij een behandeling. 
Dit eindpunt gebruikt een intra-patiënt controle, welke corrigeert voor de natuurlijke 
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groeisnelheid van de individuele tumor van de patiënt. Dit eindpunt kan bij uitstek toegepast 
worden voor het evalueren van de effectiviteit van anti-kankermiddelen die hoofdzakelijk de 
tumorgroei remmen, en niet leiden tot tumorregressie. Profijt van behandeling volgens TTP 
ratio en de huidige gouden standaard (RECIST) correleerden beiden met overleving. Echter 
het TTP ratio maakte het ook mogelijk om bij de groep patiënten waarvan onduidelijk is of zij 
wel/geen baat hebben bij behandeling (de RECIST stabiele ziekte groep) een onderscheid te 
maken welke patiënten een langere overleving hebben.

Het tweede deel van dit proefschrift richt zich op een in vitro platform, tumor organoїden (mini-
tumoren in een kweekbakje), om patiënten te selecteren voor een behandeling. Hoofdstuk 
5 is een review van de literatuur, waarin beschreven wordt, 1. wat tumor organoїden precies 
zijn, 2. wat de eigenschappen van dit pre-klinische modelsysteem zijn, ook vergeleken met 
andere modelsystemen zoals cellijnen en diermodellen, 3. of en hoe tumor organoїden zouden 
kunnen bijdragen aan de ontwikkeling van nieuwe medicijnen. Hoofdstuk 6 laat zien dat het 
mogelijk was om van iedere individuele patiënt tumor organoїden te kweken van hun tumor. 
Dit was mogelijk in 71% van de gevallen. Belangrijker nog, is dat deze tumor organoїden het 
genomisch profiel behielden van de oorspronkelijke tumor. Negentig procent van alle tumor 
specifieke mutaties kwamen overeen in de oorspronkelijke tumor en de tumorkweken die 
daarvan waren verkregen. De copy number profielen waren ook grotendeels overeenkomstig 
(0.89). Verschillen tussen het oorspronkelijke weefsel en de tumorkweken hadden geen 
betrekking op DNA afwijkingen waarvan bekend is dat zij van invloed kunnen zijn op het 
ontstaan van de tumor, danwel de gevoeligheid van de tumor voor anti-kankermiddelen. 
Hoofdstuk 7 beschrijft een eerste experiment waarin de behandeluitkomsten worden 
vergeleken van gepaarde in vitro en patiënt data voor de behandeling met 5-FU/capecitabine 
in combinatie met oxaliplatin. In deze eerste screen komt in vitro gevoeligheid voor deze 
behandelcombinatie niet overeen met de klinische uitkomst van diezelfde patiënt, gemeten 
als progressie-vrije overleving (P=0.165), RECIST beste respons (P=0.679), of RECIST 
percentage toename of afname in tumor diameter (P=0.089). De in vitro assay is derhalve 
nog niet voldoende voor grootschalige vergelijkingsonderzoeken na uitbreiding van het 
cohort, en dient eerst geoptimaliseerd te worden. Hoofdstuk 8 beschrijft het studie ontwerp 
van de SENSOR. De SENSOR is een monocenter interventie studie waarbij patiënten met 
uitgezaaide darmkanker een behandeling aangeboden krijgen op basis van de medicatie 
gevoeligheid van de kweken van hun eigen tumor. Van de tumor van elke patiënt worden 
tumor organoїden verkregen, waarna deze blootgesteld worden aan 8 gerichte medicijnen. 
Indien een van deze medicijnen een significant effect heeft op de tumoren in het kweekbakje, 
wordt deze behandeling ook aan de patiënt aangeboden. Dit hoofdstuk toont aan dat het 
haalbaar is om deze methode te hanteren voor het selecteren van een gerichte behandeling 
voor individuele patiënten. De effectiviteit van deze methode wordt momenteel onderzocht. 
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