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Chapter 1

Historical perspective on cancer

Paleo-pathologic findings indicate that cancer is older than the human race, affecting prehistoric 

animals long before men appeared on Earth1. The earliest evidence of human cancer, however, 

dates back to Ancient Egypt: evidence of cancer-associated bone growth and destruction is found 

in human mummies2, and (although the word cancer was not yet used) case descriptions appear 

in ancient Egyptian medical texts that were probably written around 1600 BC3. The basis for the 

Edwin Smith Papyrus, in which a case of “bulging tumors of the breast” is described, may even 

date back to 3000 BC4. 

Many centuries thereafter, around 400 BC, the Greek physician Hippocrates started referring to 

cancer as “karkinos” (Greek for crab), due to the finger-like spreading of solid tumors which re-

minded him of a crab. The incorporation of Greece into the Roman Empire led to the translation 

of “karkinos” into “cancer” (Latin for crab), whereas the word “oncos” (Greek for swelling) was 

later introduced by Claudius Galen, another native-Greek physician1. The Greek and Roman both 

believed that diseases were caused by imbalanced body fluids (humors), and Galen believed that 

cancer was caused by excessive amounts of bile in a particular organ. Unfortunately, this believe 

well-suited Christian theology as well as other teachings at that time, leading to broad popularity 

and distribution of Galen’s writings on cancer, and international acceptance of the humoral the-

ory. Since autopsies and surgery for cancer were against Greek and Roman tradition and even 

forbidden thereafter, the humoral theory was not disproven and remained standard throughout 

the Middle Ages1. 

Thereafter, postmortem dissections became gradually accepted and Galen’s theory was finally re-

jected. Subsequent theories, however, were not necessarily more accurate: in the 16th century for 

example, cancer was thought to be contagious (and best prevented by exile of cancer patients) 

due to the notion that breast cancer often occurred in members of the same household5. One of 

the physicians who later disproved this theory was James Nooth, who injected himself with small 

pieces of breast cancer but failed to grow any tumors. Many of such (sometimes odd) experi-

ments, coupled with sharp observations, steadily improved the understanding of cancer through-

out the 1600s and 1700s, but its origin remained poorly understood. A major breakthrough was 

achieved in 1838, when Johannes Muller for the first time demonstrated that cancer is made up 

of cells, rather than body fluids6. 

In the centuries thereafter, cancer research accelerated at unpreceded speed and made more 

progress than in all prior centuries combined7-9. Our current understanding of cancer is probably 

best summarized by Hanahan and Weinberg10,11, who describe cancer as a genetic disease with six 

essential characteristics (hallmarks): self-sufficiency in growth signals, insensitivity to anti-growth 

signals, resistance to cell death, replicative immortality, induction of angiogenesis, and the ability 

to invade and metastasize10. Later, three additional characteristics have been added: evasion of 

immune destruction, reprogramming of energy metabolism, and creation of a “tumor microenvi-

ronment”, comprised of ostensibly normal cells that contribute to acquisition of the before-men-

tioned cancer hallmarks11.
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The ancestry of systemic anti-cancer treatment

For millennia, the treatment repertoire was limited to herbal remedies, religious interventions 

and rather cruel, primitive surgery1. Treatment options drastically improved from the 19th century 

onwards, due to evolving surgical techniques, improved hygiene, the introduction of anesthesia, 

and the invention of radiotherapy. Before the latter was introduced, only small, localized and com-

pletely resectable cancers were curable. Thereafter, radiation helped to control unresectable tu-

mors. For tumors that had spread beyond the reach of surgeons and radiotherapists, however, no 

effective treatment was available until systemic chemotherapy was introduced in the second half 

of the 20th century. Ironically, the systemic use of chemicals as anti-cancer treatment had been 

promoted four centuries earlier, by a Swiss physician-chemist named Paracelsus. Sadly though, 

university professors at the time did not approve of his practices, and Paracelsus was beaten to 

death by his opponents5. 

After Paracelsus’ death, a few more pioneers advocated the use of systemic chemotherapy12 but 

no significant progress was made until the myelotoxic, white blood cell suppressive, effects of 

mustard gas were noted during World War I and II. This observation was translated into the first 

chemotherapy of the modern era, used to treat white blood cell cancers: nitrogen mustard13. It 

served as the model for multiple similar agents (together referred to as alkylating agents), some 

of which are still in use. The semi-accidental discovery of nitrogen mustard was followed by more 

rationally designed drugs shortly thereafter. Based on the observation that folic acid stimulated 

proliferation of certain leukemia cells, for example, in 1948 folic acid antagonists were introduced 

for treatment of acute leukemia8. Again, this formed the basis for development of similar agents 

such as methotrexate; a drug that is still commonly used nowadays.

It was later demonstrated that these anti-cancer therapies (together referred to as “chemothera-

pies”) exert their anti-tumor effects via interference with DNA replication, thereby hindering cell 

division. This mainly kills rapidly dividing cells, such as cancer cells, but kills other dividing cells as 

well. If drugs could more selectively target cancer cells, they may be less toxic and more effective. 

Interestingly, the basis for such treatment was laid decades before chemotherapy was introduced: 

at the end of the 19th century, a physician named Thomas Beatson noted that milk production in 

suckling rabbits was stopped upon removal of their ovaries, and concluded that breast tissue was 

“held in control” by the ovaries. When a patient with advanced, postoperative (and thus treat-

ment refractory) breast cancer was referred to him, he wondered what effect ovariectomy would 

have on her disease. Bilateral salpingo-oophorectomy was performed and resulted in remark-

able regression of all visible tumor lesions14. He had hereby discovered the potential of blocking 

systemic cancer-stimulating factors, such as hormones. This provided a foundation for the later 

development of therapies that interfere with specific pathways or aberrations, crucial for cancer 

growth and survival: anti-hormonal therapy (interferes with cancer growth stimulating hormones), 

targeted therapy (interferes with cancer driving aberrations), and immunotherapy (augments the 

immune-response against cells that have gone astray).
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The shift towards precision oncology 

The expansion in systemic treatment options was accompanied by a new challenge: selecting 

the most appropriate option for every patient. Given that cancer is a complex, multifactorial and 

heterogeneous disease, no two tumors are exactly the same, and no anti-cancer drug can be 

equally effective against all tumors. Toxicity, on the contrary, may occur in each patient receiving 

systemic therapy. In addition, the costs for an ineffective drug (and associated toxicity) place an 

unnecessary burden on healthcare resources. Selection of the right treatment for the right patient 

is therefore of uttermost importance.

Traditionally, treatment selection was based on histopathology and sometimes complemented 

by additional characteristics such as the patient’s medical history, performance status or personal 

preferences. Later, when DNA was discovered15 and rapid DNA analyzing techniques started to 

emerge16, it became understood that cancer is primarily a genetic disease and that a tumor’s ge-

netic make-up may thus co-determine its response to treatment. This insight contributed to the 

notion that mapping the complete human (cancer) genome could be essential to move cancer 

research forwards17: a remarkable resolution, since at that time sequencing less than a millionth of 

the human genome would have been worthy of a PhD thesis18. Nevertheless, the Human Genome 

Project was launched in 1990 and its completion in 200319 marked the beginning of the “genomic 

era” in cancer research: an era characterized by the availability of a high-quality reference ge-

nome, increasingly widespread availability of rapid and affordable massive parallel sequencing 

techniques, and a sensational explosion of sequencing data18. 

Together, this enabled the search for cancer-driving alterations on one hand, and the introduction 

of more and more therapies specifically targeting such aberrations on the other. This, in turn, led 

to a new treatment paradigm: “personalized treatment” or “precision oncology”, in which treat-

ment is tailored to specific patient or tumor characteristics (also known as biomarkers) that can 

separate patients who will from patients who will not benefit from a given treatment. 

Outline of this thesis

In this thesis, various biomarker-based strategies for precision oncology are discussed, all aimed 

at optimizing the use and outcomes of existing anti-cancer drugs. Part II focusses on biomarkers 

for chemotherapy: despite years of research, the number of clinically useful predictive markers 

for chemotherapy remains pitifully small20,21. As stated by Hanahan and Weinberg11, it is now in-

creasingly appreciated that not only tumor cells themselves, but also the micro-environment in 

which they reside, dictate a tumor’s behavior and its response to therapy. The interplay between 

tumors and their surroundings may thus yield useful, new predictive markers. Mesenchymal stem 

cells (MSCs), a component of the micro-environment, may provide such a marker: their interac-

tions with cancer and anti-cancer therapies are explored in Chapter 2. An approach to prevent 

MSC-induced chemotherapy resistance is examined in Chapter 3. 
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Part III revolves around biomarkers for targeted- and immunotherapy. For the former, patient 

selection seems straight-forward, since (with few exceptions, such as angiogenesis inhibitors and 

anti-EGFR therapies in colorectal cancer) it requires presence of a specific mutation or aberration 

to be effective. That, however, brings along new questions: if a given anti-cancer drug can target 

a particular aberration, could this drug then be effective against multiple tumor types, provided 

that they are driven by the same aberration (Chapter 4)? For the latter (immunotherapy), biomark-

ers are beginning to emerge. Microsatellite instability (MSI) has been suggested as a predictive 

marker22-24, but clinical evidence across tumor types is currently limited (Chapter 5). 

Part IV addresses two issues related to the implementation of precision oncology: it pleads for a 

standardized infrastructure that can help clinicians to navigate through the increasingly complex 

biomarker landscape (Chapter 6), and argues for more cross-disciplinary and pragmatic research 

approaches, to enable evidence-based and tailored treatment decisions in all fields of anti-cancer 

therapy (Chapter 7).
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Part II  

Abstract

Mesenchymal stem cells (MSCs) can play a vital role in tumor progression and anti-cancer therapy 

response, as demonstrated by various in vitro and in vivo model systems. Their ability to home to 

developing tumors and modulate the tumor microenvironment, by suppressing T-cell responses 

and contributing to the tumor stroma, is suggested to have a significant impact on disease pro-

gression, metastasis formation and therapy response. Most evidence, however, is derived from 

artificial models using exogenously administered MSCs. The contribution of endogenous MSCs 

to tumor progression is currently unclear. Furthermore, few studies have been conducted in 

humans. A prospective biomarker study was therefore undertaken in 40 human cancer patients 

and 10 healthy controls of similar age, aimed at (i) exploring and quantifying circulating MSC lev-

els in healthy volunteers and  patients with advanced malignancies, (ii) determining the variability 

of MSC levels between healthy volunteers and cancer patients with different histologic tumor 

types, and (iii) exploring biomarkers associated with MSC levels. Significantly increased levels of 

circulating MSC-like cells were observed in cancer patients when compared to healthy individ-

uals (1.72 fold difference, 95% CI 1.03 - 2.81%, p = 0.03). In addition, prior systemic therapy was 

associated with a significant increase in MSC-like cells (1.73 fold difference, 95% CI 1.02 - 2.95, 

p = 0.04). These results indicate that the amount of endogenously circulating MSCs in humans 

is increased in response to cancer, and that systemic anti-cancer treatment can influence MSC 

levels. Further research is needed to determine whether MSCs have a predictive value.
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Introduction

Interaction between tumor cells and their surroundings is an important determinant of tumor 

behavior1. Understanding and exploiting the interplay between tumors and their microenviron-

ment is thus an important area of cancer research. Mesenchymal stem cells (MSCs), key players 

in the tumor micro-environment, have gained much interest in this context: they are multi-po-

tent adult stem cells that home to wounded tissues, where they contribute to tissue repair and 

regeneration by suppressing (amongst others) T-cell mediated immune responses and by differ-

entiating into various tissue types such as bone, muscles, adipose tissue and fibroblasts2. Since 

tumors can be considered ‘wounds that do not heal’3, it is no surprise that MSCs exhibit tropism 

for developing tumors4. Interestingly though, MSCs can have a dual effect on tumor growth, with 

both pro- and anti-tumor effects reported in the literature. The direction of their effect depends 

on a variety of factors, including (but not limited to) the tumor model under investigation5, 6, the 

source and differentiation state of the MSCs used7, 8, whether they are introduced into estab-

lished tumor models or mixed and co-injected with tumor cells9, 10, and interactions between 

MSCs, immune- and cancer cells11, 12.

On a positive note, MSCs can suppress tumor growth by regulating the cell cycle, inducing 

inflammatory infiltration, and downregulating the Wnt and AKT signaling pathways13. Human 

fetal skin-derived MSCs, for example, can inhibit MCF-7 breast cancer cells14 as well as human 

liver cancer cell lines15 in vitro and in vivo. In a Kaposi’s sarcoma model, intravenously injected 

MSCs suppress tumor proliferation through inhibition of AKT5. Other examples include MSC-

based anti-cancer activity against pancreatic cancer cells16, primary leukemia cells17, and xeno-

grafts with disseminated non-Hodgkin’s lymphoma18. In addition, due to their plasticity, MSCs 

can be engineered to carry anti-cancer agents. Their tumor-trophic migratory properties can 

subsequently be employed for targeted delivery of these agents4. 

On the other hand, MSCs can aid tumor progression by contributing to tumor stroma, inhibiting 

apoptosis, suppressing the immune response, increasing the proportion of cancer stem cells, 

stimulating epithelial-to-mesenchymal transition, and promoting angiogenesis, metastasis and 

therapy resistance13, 19-24. MSC-driven therapy resistance has been described for multiple malig-

nancies: head and neck squamous cell carcinoma cells are more resistant to paclitaxel treatment 

when co-cultured with bone marrow-derived stem cells25, ovarian cancer cells are protected from 

hyperthermia-induced cell death by tumor-associated MSCs26, and chronic myeloid leukemia 

cells, chronic lymphocytic leukemia cells and acute lymphoblastic leukemia  cells become resis-

tant to imatinib-, forodesine- and asparaginase-induced cytotoxicity, respectively, when co-cul-

tured with MSCs27-29. In addition, we have identified a novel mechanism by which MSCs can induce 

resistance against DNA damaging chemotherapeutics: upon activation by platinum-based che-

motherapy, MSCs secrete two specific fatty acids that induce a potent but reversible resistance 

to multiple types of chemotherapy30, 31. These fatty acids are hexadeca-4,7,10,13-tetraenoic acid 

(16:4(n-3)) and 12-S-hydroxy-5,8,10-heptadecatrienoic acid (12-S-HHT) and are collectively called 

platinum-induced fatty acids (PIFAs).
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In summary, MSCs interact with tumors and their surroundings in a myriad of ways, and can either 

support or suppress tumor growth. In both cases, however, the interplay between MSCs and 

tumors may be exploited to improve anti-cancer treatment, and these interactions have there-

fore been studied extensively. While most studies use in vitro and in vivo model systems that rely 

on exogenously administered MSCs, the role and fate of endogenously circulating MSCs is less 

clear. We therefore aimed to quantify the numbers of circulating CD45-/CD73+/CD90+/CD105+- 

cells (hereafter referred to as MSC-like cells) in peripheral blood from patients with various types 

of cancer, and to explore the association between these cells, clinical characteristics, cancer 

diagnosis and anti-cancer treatment. A better understanding of such associations could help to 

improve treatment strategies for cancer patients.

Materials & methods

Study design

Prospective, mono-center, observational biomarker study, that aimed to (i) explore and quantify 

circulating MSC-like cells in healthy volunteers and in patients with advanced malignancies, (ii) 

determine the variability levels of MSC-like cells between healthy volunteers and cancer patients, 

and between cancer patients with different histologic tumor types, and (iii) explore biomark-

ers and clinical characteristics associated with varying levels of MSC-like cells. The study was 

approved by the Institutional Ethical Review Board of the Netherlands Cancer Institute and writ-

ten informed consent was obtained from all study subjects.

Study subjects

Patients with metastatic or locally advanced sarcoma, gastric cancer, prostate cancer or col-

orectal cancer were eligible for inclusion. Key inclusion criteria included a planned venous blood 

withdrawal as part of standard of care diagnostics and no systemic cytotoxic or targeted therapy 

within four weeks prior to the blood withdrawal. Medical history was collected retrospectively 

from electronic health records and treatment details up to one year after study participation 

were collected prospectively. In addition, age-matched healthy volunteers who had no medical 

history of cancer or other serious illnesses, and no known active infection at the time of blood 

withdrawal, were used as controls. All study subjects were accrued at the Netherlands Cancer 

Institute.

Blood withdrawal and storage

Sixteen milliliters of blood was obtained from ten patients in each tumor group and from ten 

healthy controls (fifty study subjects in total, table 1). Blood samples were collected in citrate 

tubes and processed within 2 hours of blood withdrawal. Peripheral blood mononuclear cells 

(PBMCs) were isolated by directly adding red blood cell lysis buffer (155mM NH4Cl, 10mM 

KHCO3 and 0.1mM EDTA) to the blood samples followed by a 30 minutes incubation on ice. 

Next, samples were spun down at 300g for 5 minutes, washed once in FACS buffer (1% BSA, 

5mM EDTA in PBS pH 7.4), spun down again and re-suspended in FCS + 10% DMSO and stored 

at -80°C until further analysis.
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Flow cytometry analysis

The samples were analyzed using a LSR II flow cytometer from BD bioscience. PBMCs were 

rapidly thawed and re-suspended in warm medium (DMEM 4,5 g/L glucose + 10% FCS). After 

recovery the cells were spun down and re-suspended in FACS buffer (1% BSA, 5mM EDTA in PBS 

pH 7.4) and stained using the following antibodies: anti-human CD45-APC-H7 (clone 2D1, BD 

Biosciences), anti-human CD73-FITC (clone AD2, eBioscience), anti-human CD90-PerCP-Cy5.5 

(clone 266, eBioscience), anti-human CD105-V450 (clone eBio5E10 BD Biosciences), anti-human 

CD31-Alexa Fluor 700 (R&D systems) or anti-human CD44-Alexa Fluor 700 (R&D systems) on ice 

for 30 minutes. Compensation was set automatically using anti-mouse compensation beads from 

BD Biosciences labeled with each of the above antibodies. For each patient sample all proper 

controls (e.g. single stains, FMO etc.) were taken along. Based on FSC-A vs SSC-A, cellular debris 

was excluded (< 50K). Next,  FSC-A vs FSC-H was used to exclude doublets and, finally, a staining 

for propidium iodide was used to exclude dead cells (PI+). Only single live (PI negative) cells were 

analyzed for the expression of CD45, CD73, CD90,CD105, CD31 and CD44. MSC-like cells were 

defined as being CD45-/CD73+/ CD90+/CD105+32. 

Statistical analysis

The number of CD45-/CD73+/CD90+/CD015+ cells were analyzed by flow cytometry and expressed 

as number per million single live PBMCs analyzed (hereafter referred to as MSC-like cell level). 

Box plots of MSC-like cell level per tumor type were drawn. Based on a likelihood ratio test for 

over-dispersion, it was decided to use negative binomial generalized linear models to estimate 

differences in the MSC-like cell level between groups by specifying a log link function and put-

ting the log of the total number of single live PBMCs as offset parameter. In association-analyzes 

of MSC-like cell level with other variables, tumor type was entered as a covariate. All analyses 

were done with R Statistical Software, version 3.3.3.

Results

The level of circulating MSC-like cells is increased in cancer patients

Ten healthy volunteers and 40 cancer patients (including 37 patients with metastasized-, and 

three with locally advanced disease) were enrolled. Sarcoma-subtypes included angiosarcoma (n 

= 3), extra skeletal Ewing sarcoma (n = 1), gastrointestinal stromal tumor (n = 1), liposarcoma (n 

= 1), myxoid liposarcoma (n = 2), pleomorphic sarcoma (n = 1), and synovial sarcoma (n = 1). The 

distribution of circulating MSC levels was heterogeneous (figure 1A) and analyzed accordingly. 

The level of circulating MSC-like cells in cancer patients was significantly higher than in healthy 

controls (1.72 fold difference, 95% CI 1.03 - 2.81%, p = 0.03, table 1). The highest level of MSC-

like cells was observed in sarcoma patients (2.10 fold compared to healthy controls, 95% CI 1.13 

- 3.91, p = 0.02, table 2), whereas the lowest level among all cancer types investigated was found 

in colorectal cancer patients (1.51 fold compared to healthy controls, 95% CI 0.81 - 2.81, p = 0.19). 

The difference between sarcoma and carcinoma patients, however, was non-significant (1.31 fold 

for sarcoma compared to carcinoma, 95% CI 0.80 - 2.18, p = 0.28). See figure 2 for representative 

FACS plots of a sarcoma patient (figure 2A) and healthy volunteer (figure 2B). Importantly, no 
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differences were seen between samples regarding the percentage of live cells or total leuko-

cytes (CD45+ population, figure 1B and 1C, respectively).  The average number of analyzed cells 

per sample was significantly higher for healthy controls (p = 0.00), but was distributed equally 

between tumor types (p = 0.30, figure 1D). Taken together, these results indicate that endoge-

nous MSC-like cells are mobilized in human cancer patients.

Various reports, however, show that endothelial progenitor cells can also be identified as CD45-/

CD73+/CD90+/CD105+ cells and that they can be distinguished from MSCs by their expression 

of CD31. To exclude the possibility that the identified MSC-like cells were actually endothelial 

progenitor cells, and to reinforce the reliability and reproducibility of our results, we repeated 

our FACS analysis for four representative patients and one healthy volunteer and included the 

markers CD31 and CD44. Figure 3A shows a representative image of the reanalysis of a sarcoma 

patient (patient 26). None of the MSC-like cells expressed CD31, precluding the possibility of 

endothelial precursor cells. Interestingly, the majority of MSC-like cells did not express CD44 

(figure 3A and B). This is in contrast to some other studies, that have reported CD44 expres-

sion as an MSC-characteristic. Given that CD44 is a cell surface glycoprotein involved in cell-cell 

interactions and adhesion to matrix, a potential explanation could be that CD44 is expressed 

by in vitro cultured MSCs but that it is downregulated in endogenously circulating MSCs. The 

observation that primary bone marrow-derived MSCs can lack expression of CD44, and that 

they acquire CD44 expression after in vitro culture, supports this hypothesis33. Also, reanalysis 

of these samples provided very similar results compared to initial analysis, indicating that this 

method is reproducible and reliable (figure 3C).

Prior systemic therapy is associated with increased levels of circulating MSC-like cells

Associations between circulating MSC-like cells and baseline characteristics, including previous 

anti-cancer therapies (the latter excluding healthy controls), were calculated (table 1). Previous 

anti-cancer therapies included surgery, radio- and systemic therapy, the latter being defined as 

hormonal, cytotoxic, or targeted therapy. Prior systemic therapy was associated with a significant 

increase in MSC-like cells (1.73 fold difference, 95% CI 1.02 - 2.95, p = 0.04). This association was 

preserved after adjustment for histologic tumor type (1.75, 95% CI 1.00 - 3.09, p = 0.05), and was 

strongest in patients who received prior platinum-containing chemotherapy when compared 

to patients who did not receive such therapy (2.16 fold difference, 95% CI 1.20 - 3.92, p = 0.01). 

No associations were found between level of MSC-like cells and time between study blood draw 

and last systemic therapy, nor with the total amount of systemic therapy (i.e., total treatment 

duration and number of different treatment lines), prior surgery, radiotherapy or the baseline 

characteristics of sex, age, and tumor burden (defined by the number of affected organ systems).

In addition, we assessed whether circulating MSC levels were associated with plasma PIFA con-

centrations. Baseline PIFA levels (measured for 30 cancer patients and 10 healthy volunteers, 

table 1) varied widely: 12-S-HHT concentration ranged from undetectable  to 79.0 nmol/l, 16:4(n-

3) concentration ranged from 3.5 to 129.6 nmol/l. PIFA concentration did not correlate with the 

level of circulating MSCs (with or without correction for histologic tumor type). 
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Discussion

MSCs can affect many cancer hallmarks such as angiogenesis, metastasis, anti-apoptosis and 

evasion of the immune system2, 13, 21, 22, 34, 35. The presence, route and effects of endogenously cir-

culating MSCs, however, have not been intensively studied. According to some, they are difficult 

(if not impossible) to detect36-38. According to others, the markers commonly used for detection 

of tissue-resident or exogenously cultured MSCs may not be suitable for detection of circulat-

ing MSCs, since some of these markers have an adhesion function and may therefore not be 

expressed by circulating MSCs39. It has been suggested that CD90 and CD105, for example, are 

mainly upregulated by MSCs in culture and that, therefore , circulating MSCs may not express 

CD90 and CD10539. 

Notwithstanding these concerns, we were able to identify a small but undeniable population of 

CD45-/CD73+/CD90+/CD105+ cells in every study subgroup. In line with previous reports30, 40 and 

the hypothesis that tumors actively recruit MSCs to their stroma, we found that this population is 

significantly larger in patients with advanced cancer than it is in age-matched healthy volunteers. 

Furthermore, leaving out CD90 and / or CD105 as positive markers, the same trend was observed 

(i.e. more CD45-/CD73+ cells were observed in cancer patients than in healthy volunteers). The 

fact that the total amount of single, live blood cells was distributed equally between groups, and 

the fact that significantly more cells were analyzed for healthy volunteers whereas the lowest 

level of MSC-like cells was found in this group, both add to the reliability of our results. 

The most remarkable finding, however, was that previous systemic anti-cancer therapy was asso-

ciated with a significant and long-lasting increase in circulating MSC-like cells. This association 

was independent of histologic tumor type, as well as the timing and amount of systemic ther-

apy, but (again in line with our previous observations21) prior platinum-containing chemotherapy 

did seem to contribute most. Prior surgery and radiotherapy were also associated with higher 

levels of MSC-like cells (1.46 and 1.10 fold difference, respectively), but these associations were 

non-significant (p = 0.11 and 0.74, respectively, see table 1). Increased MSC recruitment upon 

tumor irradiation has been described in preclinical models41, 42 and may be explained by the tem-

porary increase in expression of inflammatory mediators due to radiation-induced tissue dam-

age. Why systemic therapy is associated with a sustained increase in the level of circulating 

MSC-like cells is currently unknown. Possibly, our sample size was too small to detect differences 

in timing since last systemic therapy. An alternative hypothesis could be that MSCs can exhibit 

some sort of memory function, comparable to memory T-cells. Albeit speculative, the fact that 

MSCs are long-living and chemo-resistant stem cells43 that may remain in circulation for long 

periods of time, and the fact that MSCs are known to interact with T-cells13, 22, 44, could support 

this hypothesis.

No significant associations were observed between circulating MSC-like cells and PIFA concen-

trations. PIFA-concentrations, however, are known to vary intra-individually and to be influenced 

by platinum-containing chemotherapy as well as the consumption of fish and fish-oil-products, 



24

Part II

both causing a significant and temporary burst in PIFA concentrations31, 45. The fact that none of 

the patients received platinum-containing chemotherapy shortly before blood draw, plus the 

absence of dietary restrictions, most likely explain why PIFA concentrations did not correlate with 

the amount of MSC-like cells in circulation. 

In addition to small sample size, some limitations to this study should be noted, such as lim-

ited number of histologic tumor types, low power to test for differences between tumor types, 

and heterogeneity within and between subgroups. These limitations are inherent to the explor-

atory nature of our study, and may partly explain why some suspected associations between 

MSC-like cells and clinical characteristics were non-significant. Furthermore, the population of 

CD45-/CD73+/CD90+/CD105+ cells was too rare to test their osteoblast-, chondroblast- and adi-

pocyte-differentiation potential, which is one of the internationally accepted standard criteria 

to define MSCs32. In previous studies, however, where we had access to bone-marrow derived, 

and thus larger amounts of, CD45-/CD73+/CD90+/CD105+ cells, their trilineage differentiation 

potential was consistently confirmed30. Another concern could be that the circulating CD45-/

CD73+/CD90+/CD105+ cells may actually represent circulating tumor cells, rather than MSCs. The 

fact that we observed most circulating CD45-/CD73+/CD90+/CD105+ cells in sarcoma patients, 

however, while malignant human sarcoma cells do not express CD10546, argues against this 

hypothesis. Nonetheless, more research and large-scale studies are needed to further explore 

the presence and significance of these cells in various tumor types, across all tumor stages, and 

in the context of multiple treatment modalities.

In conclusion, this study is one of the first (and to the best of our knowledge, the largest to 

date) to detect endogenous MSC-like cell populations in peripheral blood, and to demonstrate 

that this population is significantly increased in cancer patients. Systemic anti-cancer treatment 

and especially platinum-containing chemotherapy is associated with an additional and sustained 

increase in circulating MSC-like cells. The mechanism behind this observation and its implications 

for anti-cancer therapy remain to be elucidated.
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 Tumor type
All cancer 
patients
(n = 40)

Healthy 
controls
(n = 10)

All study 
subjects
(n = 50)

MSC-like cells
fold diff 
(95% CI), p

Colorectal
(n = 10)

Gastric
(n = 10)

Prostate
(n = 10)

Sarcoma
(n = 10)

Age (year) 68 
(52 – 87)

66 
(28 – 89)

71 
(51 – 84) 

59 
(31 – 75)

66 
(28 – 89)

63 
(60 – 81)

64 
(28 – 89)

1.00 (0.98 - 1.02)
p = 0.81

Gender 
(female)

4 (40%) 6 (60%) 0 (0%) 5 (50%) 15 (38%) 5 (50%) 20 (40%) 0.81 (0.52 - 1.26)
p = 0.34

Diagnosed with 
cancer

10 (100%) 10 (100%) 10 (100%) 10 (100%) 40 (100%) 0 (0%) 40 (80%) 1.72 (1.03 - 2.80)
p = 0.03°

Number of 
affected organ 
systems

1 (1 – 3) 1 (1 – 3) 2 (1 – 2) 2 (1 – 3) 2 (1 – 3) n.a. n.a. 0.96 (0.69 - 1.33)
p = 0.80*

Prior surgery 7 (70%) 2 (20%) 3 (30%) 7 (70%) 19 (38%) n.a. n.a. 1.46 (0.91 - 2.37)
p = 0.11*

Years since 
surgery

2 (0 – 10) 1 (0 – 1) 4 (1 – 5) 2 (1 – 8) 2 (0 – 10) n.a. n.a. 0.97 (0.89 - 1.07)
p = 0.56*

Prior 
radiotherapy

4 (40%) 2 (20%) 10 (100%) 8 (80%) 24 (48%) n.a. n.a. 1.10 (0.64 - 1.91)
p = 0.74*

Years since 
radiotherapy

2 (0 – 2) 0 (0 – 0) 0 (0 – 17) 1 (0 – 3) 0 (0 – 17) n.a. n.a. 0.96 (0.89 - 1.03)
p = 0.22*

Prior systemic 
therapy

7 (70%) 5 (50%) 10 (100%) 8 (80%) 30 (60%) n.a. n.a. 1.75 (1.00 - 3.09)
p = 0.05*°

Years since 
systemic 
therapy

1 (0 – 4) 0 (0 – 0) 0 (0 – 2) 0 (0 – 1) 0 (0 – 4) n.a. n.a. 1.03 (0.76 - 1.42)
p = 0.85)*

Prior platinum-
containing 
therapy

5 (50%) 4 (40%) 0 (0%) 0 (0%) 9 (18%) n.a. n.a. 2.16 (1.20- 3.92)
p = 0.01*°

Level of 
circulating 
MSC-like cells

18.6
(8.4 - 61.1)

19.2
(0.0 - 66.4)

17.7
(9.1 - 
51.5)

29.5
(5.6 - 67.8)

20.4
(0.0 - 67.8)

14.7
(0.0 - 29.0)

18.3
(0.0 - 67.8)

n.a.

Table 1 Baseline characteristics and association with circulating MSC level

Tables and figures
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Table 1 Continued

Table 1 Values for baseline characteristics are displayed as median and range, or as number and percentage. Associations 
with the level of MSC-like cells are provided in the far-right column, and displayed as fold difference (fold diff) corrected 
for histologic tumor type, along with 95% confidence interval (CI) and p value (p). Fold differences of >1 indicate higher 
levels of MSC-like cells, whereas <1 indicates lower levels of MSC-like cells (compared to the reference group for categor-
ical variables, or per unit increase for continuous variables). Level of circulating MSC-like cells = number of CD45-/CD73+/
CD90+/CD105+ per 106 single, live PBMCs). PIFA concentration = concentration of Platinum Induced Fatty
Acids, in nmol/L. n = number, n.a. = not applicable, * = cancer patients only, ° = p ≤ 0.05.

Fold difference 95% confidence interval p value

Colorectal cancer 1.51 0.81 - 2.81 0.19

Gastric cancer 1.56 0.82 - 2.94 0.17

Prostate cancer 1.73 0.93 - 3.24 0.08

Sarcoma 2.10 1.13 - 3.91 0.02°

Table 2 Level of MSC-like cells = number of CD45-/CD73+/CD90+/CD105+ per 106 single, live PBMCs. ° = p ≤ 0.05

Table 2 Level of MSC-like cells per tumor type, compared to healthy controls

PIFA concentration

n samples 9 8 6 7 30 10 40

12-S-HHT 0.0
(0.0 - 5.2) 

0.0
(0.0 -79.0)

0.0
(0.0 - 0.0)

0.0
(0.0 - 3.5)

0.0 
(0.0 - 79.0)

0.00
(0.0 - 0.9)

0.00 
(0.0 - 79.0)

0.98 (0.94 - 1.01)
p = 0.20

16:4(n-3) 21.7 
(4.8 - 60.0)

20.4 
(11.4 - 
129.6)

40.6 
(3.5 - 
55.4)

21.8 
(6.8 - 40.6) 

26.1 
(3.5 - 
129.6)

19.4 
(8.5 - 60.1)

22 
(3.5 - 
129.6)

1.00 (0.99 - 1.01)
p = 0.91
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Figure 1 Circulating MSC-like cells (1A), live cells (1B), PBMCs (1C) and analyzed cells (1D) per 

sample, plotted with median and interquartile range

Figure 1A Circulating CD45-/CD73+/ CD90+/CD105+ cells 
per study subgroup. The level of circulating MSC-like cells 
in cancer patients is significantly higher than in healthy 
controls. No significant differences were observed between 
tumor types.

Figure 1C Percentage of PBMCs (45+ cells) per study 
subgroup. No significant differences were observed 
between study subgroups.

Figure 1D Number of analyzed cells per study subgroup. 
The average number of analyzed cells per sample was 
significantly higher for healthy controls, but was distributed 
equally between tumor types.

Figure 1B Percentage of single, live (PI-) cells per study 
subgroup. No significant differences were observed 
between study subgroups.
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Figure 2 FACS plots of the sample with the highest (2A, sarcoma patient) and lowest (2B, healthy volunteer) level of 
circulating MSC-like cells (resp. 67.84 and 0.00 CD45-/CD73+/CD90+/CD105+ cells per 106 single, live cells). FSC-A and SSC-A 
were used to gate all cells (subpanels I). Next, FSC-A and FSC-H were used to exclude doublets (II). A propidium iodide 
staining was used to exclude all death cells, resulting in a population of live single cells (III), that were analyzed for their 
CD45 and CD73 expression (IV). All CD45-/CD73+ cells were then analyzed for their CD105 and CD90 expression (V).

Figure 2 FACS plots of highest (2A) and lowest (2B) level of circulating MSC-like cells
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3B: CD31/CD44 expression 3C: repeated measurements

3A: FACS analysis of additional MSC markers
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3B: CD31/CD44 expression 3C: repeated measurements

3A: FACS analysis of additional MSC markers
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3B: CD31/CD44 expression 3C: repeated measurements

3A: FACS analysis of additional MSC markers
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3B: CD31/CD44 expression 3C: repeated measurements

3A: FACS analysis of additional MSC markers

hea
lth

y vo
luntee

r (pt 53
)

co
lorec

tal
ca

nce
r (pt 33

)

gas
tri

c ca
nce

r (pt 9)

pro
sta

te
ca

nce
r (pt 38

)

sa
rco

ma (pt 26
)

0

20

40

60

80

100

pe
rc

en
ta

ge
C

D
31

or
C

D
44

po
si

tiv
e

ce
lls

am
on

g
M

SC
-li

ke
fra

ct
io

n

CD31+
CD44+
CD31-/CD44-

hea
lth

y vo
luntee

r (pt 53
)

co
lorec

tea
l c

an
ce

r (pt 33
)

gas
tri

c ca
nce

r (pt 9)

pro
sta

te
ca

nce
r (pt 38

)

sa
rco

ma (pt 26
)

0

10

20

30

40

50

60

nu
m

be
ro

f
C

D
45

- /C
D

73
+ /C

D
90

+ /C
D

10
5+

ce
lls

pe
r1

*1
06

PB
M

Cs

cells
75.0

0 50K 100K 150K 200K 250K

FSC-A

0

50K

100K

150K

200K

250K

SS
C

-A

singlets
97.5

0 50K 100K 150K 200K 250K

FSC-A

0

50K

100K

150K

200K

250K

FS
C

-H
live single cells

35.4

0-10
3

10
3

10
4

10
5

Propidium Iodide

0

50K

100K

150K

200K

C
ou

nt

Q1
87.4

Q2
1.79

Q3
0.068

Q4
10.8

0-10
3

10
3

10
4

10
5

CD73-FITC

0

-10
3

10
3

10
4

10
5

C
D

45
-A

PC
-H

7

0 10
4

10
5

CD31-AF700

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

Q1
7.28

Q2
2.88

Q3
20.3

Q4
69,5

0-10
3

10
3

10
4

10
5

CD105-V450

0

-10
3

10
3

10
4

10
5

C
D

90
-P

er
C

P-
C

y5
.5

0 10
4

10
5

CD44-AF700

0

20

40

60

80

100

N
or

m
al

iz
ed

 T
o 

M
od

e

3B: CD31/CD44 expression 3C: repeated measurements

3A: FACS analysis of additional MSC markers
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3B: CD31/CD44 expression 3C: repeated measurements

3A: FACS analysis of additional MSC markers
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3B: CD31/CD44 expression 3C: repeated measurements

3A: FACS analysis of additional MSC markers
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Figure 3 CD31 and CD44 expression and reanalysis excludes contribution of endothelial 

progenitor cells to pool of MSC-like cells, and displays assay robustness despite low numbers 

of detected MSC-like cells

Figure 3A FACS analyses of MSC markers

I II III

IV V VI

Figure 3A Representative reanalysis of patient 26 (sarcoma). FSC-A and SSC-A were used to gate all cells (subpanel I). 
Next, FSC-A and FSC-H were used to exclude doublets (II). A propidium iodide staining was used to exclude all death cells 
resulting in a population of live single cells (III), that were analyzed for their CD45 and CD73 expression (IV). All CD45-/
CD73+ cells were analyzed for their CD105 and CD90 expression (V), and all CD45-/CD73+/CD90+/CD105+ cells were scored 
for their CD31 and CD44 expression (VI red histogram; blue histogram is positive control). Figure 3B Quantification of MSC-
like cells for their CD31 and CD44 expression. Figure 3C The level of MSC-like cells (CD445-/CD73+/CD90+/CD105+) in the 
reanalysis of five representative samples shows comparable results to the initial analysis (n=3).
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Abstract

Purpose

Chemotherapy-resistance remains a major obstacle to effective anti-cancer treatment. We pre-

viously showed that platinum-analogues cause the release of two fatty acids. These platinum-in-

duced fatty acids (PIFAs) induced complete chemoresistance in mice, whereas co-administration 

of a COX-1 inhibitor, indomethacin, prevented PIFA release and significantly enhanced chemo-

sensitivity. To assess the safety of combining indomethacin with platinum-based chemotherapy, 

and to explore its efficacy and associated PIFA levels, a multi-center phase I trial was conducted. 

Methods

The study was comprised of two arms: oxaliplatin plus capecitabine (CAPOX, arm I) and cispla-

tin plus gemcitabine, capecitabine or 5FU (arm II) in patients for whom these regimens were 

indicated as standard care. Indomethacin was escalated from 25 to 75 mg TID, using a standard 

3x3 design per arm, and was administered orally eight days around chemo-infusion from cycle 

two onwards. PIFA levels were measured before and after treatment initiation, with and without 

indomethacin. 

Results

Thirteen patients were enrolled, of which ten were evaluable for safety analyses. In arm I, no 

dose limiting toxicities were observed, and all indomethacin dose levels were well-tolerated. 

Partial responses were observed in three patients (30%). Indomethacin lowered plasma levels of 

12-S-hydroxy-5,8,10-heptadecatrienoic acid (12-S-HHT), whereas 4,7,10,13-hexadecatetraenoic 

acid (16:4(n-3)) levels were not affected. Only one patient was included in arm II; renal toxicity 

led to closure of this cohort.  

Conclusions

Combined indomethacin and CAPOX treatment is safe and reduces the concentrations of 12-S-

HHT, which may be associated with improved chemosensitivity. The recommended phase II 

dose is 75 mg indomethacin TID given 8 days surrounding standard dosed CAPOX. 
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Introduction

The discovery of the biological properties of platinum salts in 1965 represented a major land-

mark in the history of systemic anti-cancer treatment1,2. Platinum-containing chemotherapy is 

prescribed to 10 to 20% of all cancer patients, and the total number of patients who have ben-

efited from such treatment may easily run in the millions3. Unfortunately, the anti-tumor effect 

of platinum (and other chemotherapies) is often transient and therapy resistance is one of the 

biggest hurdles to effective cancer therapy. 

Understanding and combatting chemoresistance is thus an important area of cancer research. 

In addition to the various tumor cell intrinsic resistance-mechanisms that have been identified2, 

it is becoming increasingly clear that interaction between tumor cells and their surrounding 

microenvironment plays a key role in the development of drug resistance4,5. Mesenchymal stem 

cells (MSCs) have received much interest in this context: MSCs are multi-potent progenitor 

cells with the ability to home to wounded tissues, where they contribute to tissue repair and 

regeneration. Similarly, they can home to developing tumors and interfere with tumor growth 

and progression6-10.

We previously identified a novel MSC-characteristic that may benefit tumor cells11: when MSC 

are exposed to platinum analogues, they secrete two specific and relatively unknown fatty 

acids: 12-S-hydroxy-5,8,10-heptadecatrienoic acid (12-S-HHT) and 4,7,10,13-hexadecatetraenoic 

acid (16:4(n-3)). Both fatty acids proved extremely potent in inducing resistance to any kind of 

cytotoxic chemotherapy in various tumor-bearing mouse models. Non-platinum based chemo-

therapies did not induce the release of these PIFAs. Since the release of these PIFAs is known to 

be mediated via the cyclo-oxygenase 1 (COX-1) and thromboxane synthase (TXAS) pathways, it 

was hypothesized that inhibition of these pathways could prevent PIFA release and (thus) PIFA 

mediated chemoresistance. Addition of a COX-1 or TXAS inhibitor, such as indomethacin or 

ozagrel, respectively, indeed prevented PIFA release and enhanced cisplatin-efficacy in mice, 

whereas neither indomethacin nor ozagrel alone exerted any anti-tumor effect.

If translatable to cancer patients, inhibition of these pathways could provide a target to prevent 

PIFA release and to enhance the clinical benefit of chemotherapy by preventing resistance. Sev-

eral observations support this hypothesis12,11: first, MSCs are present in circulation and tumors of 

cancer patients, where they may be activated. Second, platinum-stimulated human and mouse 

MSCs secrete the same, specific PIFAs, both capable of inducing complete chemoresistance in 

one xenograft- and two mouse models. Third, in cancer patients, an acute rise in plasma-PIFA 

levels has been observed within hours after platinum-based chemotherapy. And fourth, com-

monly used food supplements (such as fish oil) may contain both PIFAs13,14. Altogether, these 

observations suggest that the MSC-mediated mechanism of PIFA-induced chemotherapy-resis-

tance may indeed be translated to the clinic.

Given the central role of platinum-analogues in many chemotherapeutic regimens, and the fact 

that virtually all patients with advanced disease eventually develop resistance to chemotherapy, 
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the potential impact of preventing chemoresistance by inhibiting PIFA-release is significant. 

No clinical trials have tested the combination of platinum-based chemotherapy and COX-1 or 

TXAS-inhibitors. Since indomethacin and ozagrel seemed equally capable of enhancing che-

motherapy efficacy in our pre-clinical study, indomethacin may provide a logical candidate for 

further clinical exploration, given that it is a well-established non-selective COX inhibitor, which 

recommended dosage for analgesic, anti-flogistic purposes (75 - 200 mg/day) results in ade-

quate plasma concentrations to inhibit COX-115,16. Inhibition of COX-1, however, can reduce renal 

blood flow and may thereby exacerbate platinum-associated nephrotoxicity17-20. For this reason, 

concomittant use of non-steroidal anti-inflammatory drugs (NSAIDs), such as indomethacin, 

during platinum- (and especially cisplatin-) based treatment is generally contra-indicated. A 

phase I study, to evaluate the safety of combining indomethacin with platinum-based treatment 

and to explore its efficacy and associated PIFA levels , was therefore conducted.

Materials and methods

Study design

The PIFA-01 study was a prospective, multi-center, open-label, phase I dose-escalation trial, 

conducted at three hospitals in the Netherlands and one in Switzerland (NCT01719926). The 

study aimed to assess the safety of indomethacin combined with cisplatin or oxaliplatin based 

regimens. Secondary and exploratory endpoints included efficacy and pharmacodynamics of 

such treatment, as assessed by best overall response, progression free- and overall survival 

and treatment-induced PIFA levels, respectively. The study consisted of two arms, based 

on two commonly used platinum containing regimens: patients treated with oxaliplatin plus 

capecitabine (CAPOX) were enrolled in arm I, and patients treated with cisplatin plus gemcitabine, 

capecitabine or 5FU were enrolled in arm II. The study was approved by the Medical Ethical 

Committee of the University Medical Center in Utrecht and conducted in accordance with GCP 

guidelines and the Declaration of Helsinki’s ethical principles for medical research21. Written 

informed consent was obtained from all study participants. Patients were included from August 

2013 to June 2017 and have been observed until one month after end of study treatment (or 

death) for safety analyses, and until the 1st of October, 2017 (or death) for progression free- and 

overall survival analyses.

Patient selection

Main inclusion criteria included age ≥18 years, World Health Organisation (WHO) performance 

status ≤1 and normal organ functions, defined as glomerular filtration rate (GFR) ≥60 ml/min, 

absolute neutrophil count (ANC)  ≥1.5 x 109/l, platelets ≥100 x 109/l, hemoglobin (Hb) ≥6.0 

mmol/l, partial thromboplastin time (PTT) ≤1,5 x upper limit of normal (ULN), bilirubin ≤1.5 ULN, 

and aspartate transaminase (AST) and alanine transaminase (ALT) ≤3.0 x ULN, or ≤5 x ULN if 

liver metastases were present. All patients were required to have a histologically proven and 

radiologically evaluable advanced carcinoma, for which palliative treatment with one of the 

above-described chemotherapy regimens was indicated. Prior chemotherapy was allowed, as 

long as patients were platinum-naïve for ≥6 months. 
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Study treatment

Patients received their first chemotherapy cycle according to standard of care (Figure 1), to 

maximize safety and to provide an internal control for biomarker analyses. If GFR remained ≥60 

ml/min and no grade 4 toxicity was observed by the end of cycle one, indomethacin was added 

from cycle two onwards. Indomethacin was taken orally, eight days per treatment cycle, starting 

two days before chemotherapy infusion and continued for five days thereafter for steady-state 

purpose, reaching Cmax at time of platinum administration. Proton pump inhibiters (PPI) were 

prescribed for all patients from day 15 of the 1st cycle onwards and continued till the end of study 

treatment to prevent gastric ulcers. Patients were asked to refrain from using comedication 

expected to increase toxicity or change indomethacin plasma levels, such as selective serotonin 

reuptake inhibitors (SSRIs), angiotensin-converting-enzyme (ACE) inhibitors, antithrombotics, 

diuretics, et cetera. All concurrent medications were recorded at each interim visit (i.e. ≥1x per 

treatment cycle). The first and lowest indomethacin dose level was 25 mg 3 times daily (total 

daily dose 75 mg). This was escalated to 50 mg 3 times daily for the second dose level (total 

daily dose 150 mg), and 75 mg 3 times daily for the third and highest dose level (total daily dose 

225 mg). 

Dose limiting toxicities (DLTs) were assessed during cycle two. DLTs were defined as (i) a decrease 

in GFR >30%, (ii) peptic ulcer disease grade ≥3, (iii) bleeding grade ≥3 or platelet count decrease 

grade ≥4, or (iv) any relevant grade ≥3 toxicity considered to be related to-, or exacerbated 

by the addition of indomethacin. Dose reductions were not allowed in the second treatment 

cycle as toxicity defined DLT; in that case, patients were taken off study and considered non-

evaluable. Maximum Tolerable Dose (MTD) assessment was based on the second treatment 

cycle-safety evaluations (i.e. DLT-period).

From treatment cycle three onwards, indomethacin was discontinued in case of (i) peptic ulcer 

disease grade ≥ 3, (ii) GFR decrease >30%, or if (iii) the treating physician deemed further use 

of indomethacin contra-indicated. Chemotherapy continuation or dose modification was at the 

physician’s discretion.

Safety assessments

All patients underwent a complete medical history, physical examination, assessment of vital 

signs and WHO performance status, and laboratory analysis of hematology, coagulation, clinical 

chemistry and urine before treatment initiation. These assessments were repeated throughout 

study participation (before start of every new treatment cycle) and/or as clinically indicated. 

Adverse events (AEs) were classified and graded according to the National Cancer Institute 

Common Terminology Criteria for Adverse Events (CTCAE) version 4.03. 

Efficacy assessments

Baseline tumor measurements were performed within 28 days of treatment initiation and every 

nine weeks thereafter, or more frequently at the physician’s discretion. Overall response rate 

was evaluated by the investigators according to Response Evaluation Criteria in Solid Tumors 

(RECIST) version 1.122.

Chapter 3
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Biomarker analyses

To characterize biologic activity of indomethacin, patients were asked to refrain from using 

other nonsteroidal anti-inflammatory drugs (NSAIDs), prostaglandin-synthethase inhibitors 

and /or omega-3/omega-6 containing products13,14 from two weeks before treatment initiation 

onwards. Plasma 12-S-HHT and 16:4(n-3) levels were measured as described and validated 

previously13,23. Plasma samples were obtained before and at one, two and four hours after start 

of chemotherapy infusion (T=0, T=1, T=2 and T=4, respectively; duration cisplatin and oxaliplatin 

infusion was four and two hours, respectively), on day one of treatment cycle one and two 

(before and after start of indomethacin-treatment, respectively). Plasma was stored at -80°C 

until further analysis. All samples were processed within 2 hours after blood withdrawal. 

Statistical analyses

Since this was a phase I safety and tolerability trial, analyses were descriptive. Indomethacin 

dosage was escalated using a standard 3x3 design per study arm: per dose level, three patients 

were enrolled. If no DLT was observed, indomethacin dose would be escalated to the next dose 

level / cohort. If one out of three subjects experienced a DLT, the cohort would be expanded 

with three additional subjects. If two or more subjects experienced a DLT, that dose would be 

considered to be the toxic dose for the respective chemotherapy-indomethacin combination. A 

DLT rate of >17% (i.e., >1 out of six subjects) was considered unacceptable. 

All patients who received ≥1 dose of indomethacin during on-study chemotherapy were included 

in the safety analyses (primary study endpoint). Adverse events (AEs) that were or could have 

been related to indomethacin were summarized by counting the number of number of grade 

≥1, grade ≥2, and grade ≥3 AEs per patient, and determining the maximum grade per patient. 

These numbers were compared between indomethacin dose levels using the Kruskal-Wallis 

Test. The percentages of patients with grade ≥1, grade ≥2 and grade ≥3 were compared using 

Fisher’s Exact Test.

All patients who received ≥2 cycles of on-study chemotherapy were included in efficacy 

evaluations (secondary study endpoint). Best overall response was analyzed per patient. Median 

progression free- and overall survival were estimated using the Kaplan-Meier method, overall 

and for each indomethacin dose level individually. Estimated means were compared between 

indomethacin dose levels using the log rank test.

All patients with valid and complete biomarker data were included for biomarker analyses 

(exploratory study endpoint). Linear mixed-effects models were used to assess (i) whether 

plasma PIFA levels increase during platinum-contain chemotherapy (cycle one only, no other 

fixed effects), (ii) whether addition of indomethacin lowers plasma PIFA levels (cycle one vs. 

two as fixed effect, time as fixed-effect covariate), (iii) whether the indomethacin dose level 

as continuous (fixed) effect was associated with PIFA (time as fixed-effect covariate) and (iv) 

whether PIFA levels are associated with chemotherapy efficacy (cycle one and two, no other 

fixed effects). From this last model, only the difference between the two most extreme observed 

response levels was reported, i.e. partial response versus progressive disease. In none of the 
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models a random slope seemed required on the basis of the (restricted) log-likelihood. PIFA 

measurements below the limit of detection were treated as zeros.

Results

Patient characteristics and treatment details

Between September 2013 and June 2017, thirteen patients were enrolled: twelve in arm I and 

one in arm II. Accrual took longer than expected, partly due to Ethical Committee-imposed 

age-restrictions (≤70 years) at the beginning of the study, and partly due to the fact that the 

CAPOX is typically administered as first line treatment rather than in the advanced, metastatic 

setting that this study focused on. 

Ten patients were evaluable for safety- and efficacy analyses; baseline characteristics are shown 

in Table 1. The median number of prior treatment regimens was 2 (range 0 - 4). Evaluable 

patients received on-study chemotherapy for a median of 4 cycles (range 2 - 6). Median follow-up 

duration was 3.2 months (range 1.6 - 8.5) for safety analyses, and 7.9 months (range 3.4 - 24.3) 

for progression-free and overall survival analyses. Chemotherapy regimen was adjusted in 

six patients: two patients had 25% dose reductions from cycle one onwards (one due to DPD 

deficiency, the other due to hand-foot syndrome and neutropenia later on). Three patients 

had dose delays from cycle three onwards (two due to bone marrow toxicity, the other due to 

unforeseen dental surgery). One patient experienced an oxaliplatin-related infusion reaction in 

cycle three and did therefore not receive the full, planned dose.

In arm I, three patients went off-study during cycle one due to rapid disease progression (n = 2) 

and worsening of pre-existing gastro-intestinal complaints (n = 1), and were therefore not evalu-

able. In the remaining nine patients, no DLTs were observed. Reasons to discontinue study treat-

ment for these patients included disease progression (n = 5), patient preference to stop despite 

ongoing response (n = 2; one patient  decided to participate in another trial, the other decided 

to continue CAPOX off-study due to increasing reluctance against oral medication), worsening of 

pre-existent neuropathy (n = 1), and indomethacin non-compatible co-medication (carbasalate 

calcium because of capecitabine-related cardiovascular toxicity (n = 1)).

The patient in arm II developed a DLT (acute kidney injury grade one) after completion of the 

first eight days of combined cisplatin-indomethacin treatment, and went off study during cycle 

two. According to the cohort rules, five more patients could enroll. Due to high probability of 

additional DLTs as estimated by the local investigators, however, inclusion came to a stop and 

arm II was closed prematurely due to non-accrual. 

Safety

All AEs that were or could have been related to the addition of indomethacin are shown in 

Table 2. Nausea was the most common (observed in four patients (40%)), followed by fatigue, 

malaise, vomiting, ALAT-, ASAT-increase and white blood cell decrease (each observed in 

two patients (20%)). Every other AE was observed in one patient only (10%). Out of the 33 
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AEs that were observed, 24 were grade one (73%), eight were grade two (24%), and one was 

grade three (3%). Grade four or worse AEs were not observed. Indomethacin-relatedness was 

classified by local investigators as ‘unlikely’, ‘possibly’, ‘probably’ or ‘definitively’ in twelve, 

seventeen, one and three cases (36%, 52%, 3% and 9%, respectively). The number of grade 

≥1, grade ≥2 or grade ≥3 AEs per patient did not differ between indomethacin dose levels (p 

= 0.09, 0.5, and 0.5, respectively), nor did the maximum grade AE per patient (p = 0.6), nor 

did the number of patients with grade ≥1, grade ≥2 or grade ≥3 AEs (p = 1, 0.7 and 1, respec-

tively). 

Two serious AEs (SAEs) were observed, both in patients who went off-study before indomethacin 

initiation: one patient was hospitalized due to a liver abscess, caused by primary disease 

progression, which ultimately led to the patient’s death. Another patient was hospitalized due 

to worsening of pre-existent gastro-intestinal complaints, which resolved without sequela. To 

minimize the risk of recurrent gastro-intestinal complaints, however, it was decided to continue 

chemotherapy off-study (without addition on indomethacin). No other serious adverse events 

were observed and no unexpected or treatment-related deaths occurred; all deaths were 

caused by primary disease progression.

Efficacy

Response data are summarized in Table 2. No complete responses were observed. Three 

patients (30%) experienced a partial response; two at dose level one (one in each arm) and 

one at dose level two, arm I. Stable disease was observed in three patients (30%), one at each 

dose level in arm I. The remaining four patients (40%) had progressive disease at first response 

evaluation. Median progression free- and overall survival were 5.5 months (95% CI 0.0 - 11.9) 

and 15.1 months (95% CI 1.8 - 28.4), respectively; differences between indomethacin dose levels 

were non-significant (p = 0.4 and 0.9, respectively).

Biomarkers

Plasma PIFA levels of all biomarker-evaluable patients (n=9) and change therein upon 

chemotherapy infusion and indomethacin administration, as well as association with 

chemotherapy efficacy, are shown in Figure 2 and Table 3. During the first cycle of chemotherapy, 

before addition of indomethacin, both PIFA levels seemed to increase in the four hours after 

chemotherapy infusion, but differences did not reach significance (p = 0.09 for 12-S-HHT, and p 

= 0.2 for 16:4(n-3)). Upon addition of indomethacin, however, 12-S-HHT levels were significantly 

reduced across all time points (i.e., before start of chemotherapy up to four hours thereafter: 

-0.81 nmol/l, 95% CI -1.20 – -0.43, p = 0.0001). Furthermore, each indomethacin dose level-

increase was associated with a significant drop in 12-S-HHT level (-0.33 nmol/l, 95% CI -0.51 

– -0.15, p = 0.0005). For 16:4(n-3), no effect of indomethacin was observed between treatment 

cycles (p = 0.2), nor between indomethacin dose levels (as a continuous variable, p = 0.5).

No association was found between PIFA levels and response in the three categories partial 

response (PR), stable disease (SD) and progressive disease (PD) (p = 0.3 for 12-S-HHT and p = 

0.2 for 16:4(n-3) on three degrees of freedom), neither after combining PR and SD into a group 
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with ‘clinical benefit’ (results not shown). Only the difference between the two most extreme 

responses observed (PR vs. PD) was reported (Table 3).

Discussion

The primary aim of this study was to evaluate the safety of combined indomethacin and 

oxaliplatin- (arm I) or cisplatin- (arm II) based chemotherapy. In addition, we aimed to explore the 

effect of indomethacin on efficacy of chemotherapy and PIFA levels, and the relation between 

PIFA levels and chemotherapy efficacy.

First of all, combined indomethacin and cisplatin/oxaliplatin treatment was generally well-

tolerated. The vast majority of AEs was mild (73% grade one, 24% grade two, 3% grade three), 

and ‘unlikely’ (36%) or ‘possibly’ (52%) related to indomethacin. Definitive indomethacin-

relatedness was rare (9%). One patient in arm II experienced a DLT, due to >30% decrease in 

GFR after completion of the first eight days of combined indomethacin-cisplatin treatment. This 

was in line with expectations, given the impact of NSAIDs on renal clearance of cisplatin 17,18,19,20. 

Although the effect on renal function was mild (acute kidney injury grade one) and although 

the patient recovered without sequela, the reluctance amongst the investigators to include 

more patients in this arm was substantial. Therefore we can not draw conclusions regarding 

the safety of combined indomethacin-cisplatin treatment. Combined indomethacin-CAPOX 

treatment, however, proved to be safe: no DLTs were observed in any of the enrolled patients, 

the MTD was not reached, and no significant difference in grade one, two or three AEs were 

observed between indomethacin dose levels. Thus, indomethacin 75 mg TID administered 

eight days around chemotherapy infusion is safe in patients treated with CAPOX, and forms the 

recommended phase II dose.

Another study aim was to explore the effects of platinum-containing chemotherapy (with or 

without indomethacin) on plasma PIFA levels, and to explore PIFA levels in relation to response 

to chemotherapy. Based on our previous findings12,11, platinum-containing chemotherapy was 

expected to cause a rise in PIFA levels. Addition of indomethacin was expected to counteract 

this effect, thereby enhancing chemotherapy efficacy. In line with our preclinical studies, 12-S-

HHT was indeed effectively blocked by indomethacin. Unexpectedly, however, 16:4(n-3) levels 

in patients did not reflect the preclinical findings. A potential explanation could be that 16:4(n-

3), a fatty acid for which limited studies are available, is not exclusively produced via COX-1, or 

that it can be found in foods other than fish oil as well24.

This prompts the question whether reduction of 12-S-HHT alone is sufficient to prevent PIFA-

induced chemotherapy resistance, given that both PIFAs affected chemotherapy efficacy in 

mice. In the present study, however, no significant associations were found between PIFA levels 

and response to chemotherapy. Yet, our study was not designed (and thus underpowered) to 

test for differences in chemotherapy efficacy. In addition, the fact that five out of nine biomarker-

evaluable patients discontinued study treatment for other reasons than progressive disease, 

may have limited our ability to correlate PIFA levels with chemotherapy efficacy. 
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Meanwhile, synergy between indomethacin and platinum-based chemotherapy has been 

described before: in mice bearing murine colorectal cancer tumors, for example, synergy was 

observed with cisplatin, but not with adriamycin25. In human lung cancer xenografts, combined 

indomethacin-oxaliplatin treatment increased tumor-inhibition rates in one study26 and reduced 

expressions of lymph node metastasis related factors in another27. Further, indomethacin 

enhanced cisplatin efficacy in human uterine cervical and ovarian cancer cells28,29. Also, in a 

randomized trial including 22 pet dogs with naturally occuring invasive bladder cancer, cisplatin 

plus piroxicam (a COX inhibitor, similar to indomethacin) led to a remission rate of 71%, compared 

to 0% for cisplatin alone (p <0.002)30. Altogether, these observations suggest that indomethacin 

can indeed enhance chemosensitivity; possibly by reduction of baseline 12-S-HHT levels alone. 

In addition, the fact that indomethacin is a known COX-1 inhibitor, whereas other trials to date 

have mainly focused on (and found little effect of) adding COX-2 inhibitors to chemotherapy31,32, 

supports the notion that indomethacin in anti-cancer treatment merits further research: present 

study provides evidence that it would be safe to do so. Furthermore, it proofs that patients 

using indomethacin for analgesic or anti-flogistic purposes can safely continue indomethacin 

during CAPOX treatment.

In summary, combined CAPOX- and indomethacin treatment was well-tolerated. Compared to 

regular CAPOX, addition of indomethacin up to 75 mg TID hardly increased overall toxicity, nor 

renal toxicity at any grade. Combined cisplatin-indomethacin treatment, however, did cause 

renal toxicity in the one patient receiving such treatment. Indomethacin significantly reduced 

plasma 12-S-HHT levels, but had no effect on 16:4(n-3) levels; additional research is needed to 

assess the effects on chemotherapy efficacy. The recommended phase II dose was established 

at 75 mg, taken three times daily, eight days per treatment cycle, starting two days before 

chemotherapy infusion and continued for five days thereafter. 
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Tables and figures

Arm I Arm II Overall

Dose level 1
Indomethacin
25 mg TID 

Dose level 2
Indomethacin
50 mg TID

Dose level 3
Indomethacin
75 mg TID

Dose level 1
Indomethacin
25 mg TID

Number of evaluable patients 3 3 3 1 10

Age (in years) 61 (60-67) 66 (51-59) 43 (30-72) 60 61 (30-72)

Gender (male) 3 (100%) 2 (67%) 1 (33%) 1 7 (70%)

ECOG performance status
- 0
- 1

1 (33%)
2 (67%)

1 (33%)
2 (67%)

3 (100%)
0 (0%)

1
0

6 (60%)
4 (40%)

Primary tumor type
- Colorectal adeno ca.
- Esophageal adeno ca.

3 (100%)
0 (0%)

3 (100%)
0 (0%)

2 (67%)
1 (33%)

0
1

8 (80%)
2 (20%)

Previous therapies 2 (0-2) 2 (1-4) 0 (0-2) 1 2 (0-4)

Creatinine (mmol/l) 64 (64-94) 60 (49-91) 73 (57-88) 57 64 (49-94)

Creatinine clearance (ml/min) 60 (60-90) 90 (79-116) 82 (71-108) 107 83 (60-
116)

Proteinuria
- Negative
- Trace
- Positive
- Missing

2 (67%)
1 (33%)
0 (0%)
0 (0%)

1 (33%)
1 (33%)
1 (33%)
0 (0%)

0 (0%)
2 (67%)
0 (0%)
1 (33%)

1
0
0
0

4 (40%)
4 (40%)
1 (10%)
1 (10%)

Table 1 Baseline characteristics of all study subjects who were evaluable for safety and efficacy analyses. All values for 
arm I (oxaliplatin plus capecitabine) and for arm I and II combined (‘overall’) are displayed as median (and range), or as 
number (and percentage). Since only one patient was enrolled in arm II (cisplatin plus gemcitabine, capecitabine or 5FU), 
baseline characteristics of this patient are displayed as absolute values. Abbreviations: adeno ca. = adenocarcinoma, 
ECOG=Eastern Cooperative Oncology Group.

Table 1 baseline characteristics
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Arm I Arm II Overall

Dose level 1
Indomethacin
25 mg TID 
(3 patients)

Dose level 2
Indomethacin
50 mg TID
(3 patients)

Dose level 3
Indomethacin
75 mg TID
(3 patients)

Dose level 1
Indomethacin
25 mg TID
(1 patient) (10 patients)

A. Safety  patient 2 3 4 5 7 8 10 11 13 1 G1 G2 G3

Renal AEs 

 Acute kidney injury 1** 1x

Gastro-intestinal AEs

 Diarrhea 1 1x

 Nausea 1* 1 2* 1 3x 1x

 Vomiting 1*** 1* 2x

Hematologic AEs 1

 Anemia 1x

 Platelet count  1* 2x

 White blood cells 1* 1 2x

Hepatic AEs

 AF 1* 1x

 ALAT  1* 1* 2x

 ASAT  2* 1* 1x 1x

 GGT  3* 1x

Table 2 Toxicity and efficacy

Table 2 Part A displays all adverse events that were or could have been treatment-related, per patient, per indomethacin dose 
level and overall. Relatedness to indomethacin was classified as unlikely, possibly (*), probably (**) or definitively (***). Data per 
arm show maximum grade per patient in that arm; each patient could be counted under more than one preferred term. Part 
B displays best overall response according to RECIST, per indomethacin dose level and overall. Abbreviations AE = adverse 
event, CTCAE = National Cancer Institute Common Terminology Criteria for Adverse Events version 4.03, G = grade, Palm.-
plant. eryth. syndr. = palmar-plantar erythrodysesthesia syndrome, RECIST = Response Evaluation Criteria in Solid Tumors 
version 1.1, TID = three times daily,  = increase,  = decrease, n x = observed in n patients.
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Arm I Arm II Overall

Dose level 1
Indomethacin
25 mg TID 
(3 patients)

Dose level 2
Indomethacin
50 mg TID
(3 patients)

Dose level 3
Indomethacin
75 mg TID
(3 patients)

Dose level 1
Indomethacin
25 mg TID
(1 patient) (10 patients)

A. Safety  patient 2 3 4 5 7 8 10 11 13 1 G1 G2 G3

Other AEs 

 Dizziness 1* 1x

 Dry mouth 1*** 1x

 Dry skin 1* 1x

 Dysesthesia 2 1x

 Edema ankles 1*** 1x

 Fasciculation 1* 1x

 Fatigue 1* 1x

 Fever  1 1x

 Hyperkalemia 1 1x

 Injection site reaction 2 1x

 Lethargy 1* 1x

 Malaise 1* 2 2 2x

 Muscle cramp 2* 1x

 Palm.-plant. eryth. 
 syndr.

2 1x

Total n patients with 
grade 1, 2 or 3 AE 
per dose level

G1

2

G2

1

G3

1

G1

3

G2

1

G3 G1

1

G2

1

G3 G1

1

G2 G3 G1

24x

G2

8x

G3

1x

B. Efficacy

Complete response

Partial response PR PR PR 3x

Stable disease SD SD SD 3x

Progressive disease PD PD PD PD 3x

Table 2 Continued
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12-S-HHT 16:4(n-3)

Change 95% CI p Change 95% CI p

I. Change in PIFA levels 
upon infusion of platinum-
containing chemotherapy, 
before addition of 
indomethacin
(Cycle 1 only)

0.21 -0.04 – 0.47 p = 0.09 0.78 -0.43 – 1.99 p = 0.2

II. Change in PIFA levels 
upon infusion of plati-
num-containing chemo-
therapy, after addition of 
indomethacin
(Cycle 1 vs. cycle 2)

-0.81 -1.20 – -0.43, p = 0.0001* 2.14 -1.05 – 5.33 p = 0.2

III. Change in PIFA levels 
upon each indomethacin 
dose level increase
(Cycle 1 and 2)

-0.33 -0.51 – -0.15, p = 0.0005* 0.47 -1.00 – 1.95, p = 0.5

IV. Difference in PIFA levels 
between patients with PR 
vs. patients with PD at 1st 
response evaluation
(Cycle 1 and 2)

-0.50 -1.60 – 0.61, p = 0.3 -9.12 -24.55 – 6.33 p = 0.2

Table 3 Association between plasma PIFA levels (in nmol/l) and four different variables. The first three rows display the 
estimated mean change in respective PIFA level, upon (I) chemotherapy infusion, (II) indomethacin addition, and (III) indo-
methacin dose level-increase. Row (IV) displays the difference in PIFA levels between patients with PR vs. patients with PD 
at first response evaluation. Abbreviations: PIFA = platinum-induced fatty acids, PD = progressive disease, PR = partial 
response, T = time in hours, relative to start chemotherapy infusion, 12-S-HHT = 12-S-hydroxy-5,8,10-heptadecatrienoic 
acid, 16:4(n-3) = hexadeca-4,7,10,13-tetraenoic acid, * = significant, p ≤0.05. 

Table 3 Biomarker analyses
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Figure 1 Schematic overview of study design. Treatment cycle one was administered according to standard of care for 
oxaliplatin plus capecitabine (arm I) or cisplatin plus gemcitabine, capecitabine or 5FU (arm II). From day 15 onwards, 
proton pump inhibiters were prescribed to prevent gastric ulcers. On day 19, GFR and toxicity were evaluated. If GFR 
remained ≥60 ml/min and no grade 4 toxicity was observed, indomethacin was added from day 20 until day 6 of the next 
treatment cycle. Abbreviations C = treatment cycle, D = day, DLT = dose limiting toxicity, PPI = proton pump inhibitor.

Cycle 1
Chemotherapy according to 
standard of care, in a 21-day 
schedule

Cycle 2
DLT period, dose modifications not 
allowed. DLT defined as:
 • GFR  >30%
 • Peptic ulcer gr. ≥3
 • Bleeding gr. ≥3
 • Platelet count  gr. ≥4
 • Any gr. ≥3 indomethacin   
  related toxicity

Cycle 3 onwards
Chemotherapy at physician’s 
discretion. Stop indomethacin in 
case of:
 • GFR decrease >30%
 • Peptic ulcer grade ≥ 3
 • Further use contra-indicated

D15: start PPI

D20 until D6: Indomethacin intake D20 until D6: Indomethacin intake Etc.

C1D1 
Chemotherapy infusion

C2D1 
Chemotherapy infusion

C3D1 
Chemotherapy infusion

D19: assess toxicity

Figure 1 Study flowchart
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Figure 2 PIFA levels on day one of treatment cycle one and two

Figure 2A Plasma 12-S-hydroxy-5,8,10-heptadecatrienoic acid (12-S-HHT) levels in nmol/l per patient (y-axis), measured 
before and on one, two and four hours after oxaliplatin infusion (x-axis). Legend: top row = indomethacin 25 mg TID, middle 
row = 50 mg TID, lower row = 75 mg TID, cycle 1 = without indomethacin, cycle 2 = with indomethacin.
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Figure 2 Continued

Figure 2B Plasma hexadeca-4,7,10,13-tetraenoic acid (16:4(n-3)) levels in nmol/l per patient (y-axis), measured before and on 
one, two and four hours after oxaliplatin infusion (x-axis). Legend: top row = indomethacin 25 mg TID, middle row = 50 mg 
TID, lower row = 75 mg TID, cycle 1 = without indomethacin, cycle 2 = with indomethacin.
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Abstract

Large-scale genetic tumor profiling identifies increasing numbers of potentially actionable 

molecular variants, for which approved anti-cancer drugs are available. In current practice, how-

ever, when patients with “actionable variants” are treated with drugs outside of their approved 

label, outcomes are not systematically collected or shared. As a result, for many cancers, the 

relative contribution of histology, tumor origin, genetic mutations and copy number variations to 

drug sensitivity remains unknown. We therefore initiated the Drug Rediscovery Protocol (DRUP), 

an innovative and flexible precision oncology trial aimed at identifying new tumor type/molecu-

lar variant-combinations that are sensitive to approved anti-cancer drugs. Eligible patients have 

exhausted (or declined) standard therapies and have a malignancy with potentially actionable 

variants for which approved anti-cancer drugs are available, but not for the tumor type con-

cerned. Here, we show a clinical benefit rate (defined as complete or partial response, or stable 

disease for ≥16 weeks) of 44% in the first 100 treated patients. This comprised 62 patients who 

received targeted therapies, and 38 patients who received immunotherapy. Median clinical ben-

efit duration was ≥10 months (range 8 – not yet reached), including nineteen patients with ongo-

ing clinical benefit at data cutoff. Our results demonstrate that broad tumor profiling identifies 

numerous patients who may benefit from existing drugs, when prescribed outside their labeled 

indication. The DRUP facilitates drug-access for these patients (without standard treatment 

options) and creates a publicly available knowledge base for future decision making.



59

Chapter 4

Drug rediscovery protocol: expanded use of existing 
anti-cancer drugs 

The paradigm of precision cancer treatment holds great promise for patients in terms of life 

extension and quality of life1-6. Early studies and experiences with genetically and molecularly in-

formed treatment decisions, however, have also identified significant hurdles that may jeopardize 

the way we capitalize on precision medicine7-12. First, patient populations eligible for a specific 

treatment or trial become smaller and trials accrue slower, due to pre-selection by targeted se-

quencing of candidate variants, and due to slow implementation of pre-selection tests. Second, 

generally such variants can only be appreciated when their tissue context is taken into consider-

ation. Yet, with regards to drug sensitivity, the significance of a given genetic or molecular variant 

is usually tested in the cancer subtype most frequently harboring this variant. The significance of 

the same variant in other cancers often remains unknown. Third, as drug development is easier 

in common- rather than rare- cancer subtypes, this can create inequality in care13. And finally, with 

increasing pressure from society to raise the bar on the success rate of drug development trials14, 

there is hesitation amongst payers to reimburse large scale sequencing efforts before they have 

proof that this will make health care more sustainable. As a result, we are not utilizing the full 

potential of rapidly expanding technological advances, biomarker knowledge, and the spectrum 

of approved anti-cancer drugs for our patients.

To address these issues, the Center for Personalized Cancer Treatment (CPCT) was founded in 

201015. In this network, now connecting 49 hospitals in the Netherlands, patients with all types 

of metastatic cancer are offered the opportunity (in the context of a clinical study) to undergo a 

fresh tumor biopsy for whole genome sequencing (WGS) before start of any systemic anti-cancer 

treatment. The WGS results are combined with treatment outcomes in a national, centralized 

database for research purposes, and returned to the patient’s treating physician for future treat-

ment planning. This initiative has contributed to awareness among oncologists to identify poten-

tially actionable variants in cancers that are not routinely tested for these variants. To provide 

treatment opportunities for patients in whom such variants were identified, while simultaneously 

collecting clinical outcomes, we embarked on the Drug Rediscovery Protocol (DRUP), in which we 

seek to expand the use of EMA and/or FDA approved targeted therapies beyond their approved 

indications.

The DRUP is an ongoing, prospective multi-drug and pan-cancer trial, that facilitates patient’s 

access to molecularly-guided treatment, whilst systematically recording treatment outcomes. Eli-

gible patients have progression of an advanced or metastatic solid tumor, multiple myeloma or B 

cell non-Hodgkin lymphoma, with no (suitable) standard treatment options. A potentially action-

able genetic or molecular variant, that can be matched to one of the available study drugs, must 

have been identified via regular diagnostics or CPCT. The study drug-repertoire has expanded 

from twelve compounds at study launch in September 2016, up to nineteen in March 2018, cur-

rently supplied by ten pharmaceutical companies (Extended Data Table 1). 
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The trial design allows for an unlimited number of parallel cohorts (each defined by tumor type, 

molecular variant and study treatment, Extended Data Figure 1). For selected variant categories 

such as mutational load, microsatellite instability and DNA repair deficiency, the protocol allows 

for cohorts in which tumor types are combined. Per cohort, a Simon-like two-stage design is 

used16,17, enrolling eight patients in stage I up to 24 in stage II, provided that clinical benefit 

(defined as complete or partial remission (CR or PR), or absence of disease progression / stable 

disease (SD) ≥16 weeks, measured ≥2x and ≥28 days apart) is observed at least once in stage I. 

A drug warrants further investigation in a particular cohort if ≥5 out of 24 patients have clinical 

benefit. If fewer responses are observed, the cohort is closed (results will be made public either 

way). This design has 85% power to reject a clinical benefit rate of 10%, if the true percentage is 

30% (alpha error rate 7.8%). Importantly, continuous analysis of closed cohorts with some activity 

allows for opening of new cohorts with adjusted inclusion criteria. 

Between September 2016 and May 2018, over 500 cases were submitted for central review and 

277 patients started study treatment (see Extended Data Figure 2 for review process details, and 

Extended Data Figure 3 for case submission overview). To allow for clinically meaningful outcome 

data and follow-up periods (≥5 months for patients still on study treatment), here we present the 

results of the first 100 patients who started study treatment. Enrollment of these 100 patients 

resulted in initiation of 31 different cohorts (Table 2); their baseline characteristics are provided in 

Table 1. Most common tumor types included colorectal-, non-small cell lung-, and prostate can-

cer, followed by a variety of less frequently occurring cancers (20 different tumor types in total). 

At time of analyses, median progression free- and overall survival were four (95% CI 2 – 7) and 

eleven (95% CI 8 – not yet reached) months, respectively. Clinical benefit was observed in 44% 

of patients (n=44, 95% CI 34% - 54%, Table 3). Sixty-two patients were treated with targeted 

agents, and 38 patients were treated with immunotherapy. The latter may partly have contrib-

uted to the high clinical benefit ratio; future analyses, including larger patient volumes, will fur-

ther delineate the contribution of immunotherapy versus targeted treatment. Median clinical 

benefit duration (time on treatment, TOT) was ten months (95% CI 8 – not yet reached), including 

nineteen patients with ongoing clinical benefit at the time of analyses. To put this in perspective,  

a large database of 854 patients participating in phase I studies and treated with molecularly 

targeted agents indicated median progression free- and overall survival of two and eight months 

only18. Importantly, to determine clinical value of SD in our study population, for patients with 

confirmed SD ≥16 weeks (n=26) we compared TOT for DRUP treatment with TOT for the patient’s 

previous line of systemic treatment (TOT ratio). Median TOT ratio was ≥1.7 in favor of DRUP treat-

ment (range 0.15 – 15.3; IQR 1.4 – 5.1). 

The remaining 56% of patients (n=56) lacked clinical benefit, either because of progressive dis-

ease (PD; n=49) or because they went off-study before their response could be classified (n=7). 

Reasons for early study withdrawal included adverse events (n=2), patient preference to stop 

study treatment (n=2), and death (n=3) without (clinical) diagnosis of PD before evaluability was 

reached. Toxicities were in line with those observed in standard of care. Grade ≥3 adverse events 
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were observed in 44% (n=44) of patients. One potential Suspected Unexpected Severe Adverse 

Reaction (SUSAR) was reported for a patient with ovarian carcinoma, who developed bacterial 

peritonitis. A relation to study medication seemed unlikely but could not be ruled out.

 

Upon enrollment, the DRUP mandated a fresh baseline tumor biopsy for WGS (Extended Data 

Figure 2). Baseline WGS results were used for confirmation of the previously identified variant, 

and for exploratory biomarker analyses. In the first 100 patients, baseline WGS was success-

ful in 64% (n=64); the main reason for failure was insufficiency of tumor cells in the baseline 

biopsy (Extended Data Figure 4). The variant based on which the patient was included, was 

confirmed in 97% (n=62) of patients with successful baseline WGS. For the remaining 3% (n=2), 

the initial variant was absent in the baseline biopsy (off- note, both patients did not respond to 

variant-matched targeted therapy). Notably, in 64% (n=41) of patients with successful baseline 

WGS, potentially relevant additional information was revealed (Extended Data Table 2). Such 

information included high mutational load, variants associated with therapy response/resistance, 

and variants that were potentially actionable with experimental or off-label agents (other than 

the patient’s current DRUP-treatment). The latter led to re-enrollment of several patients upon 

failure of their first DRUP-treatment line.

Taken together, although successful completion of cohorts will ultimately determine the value of 

our approach, this initial analysis reveals several important findings. First, the DRUP shows the 

feasibility of performing precision medicine in multiple parallel tumor type and -profile driven 

cohorts. Second, it provides a framework through which patients with all tumor types acquire 

access to existing targeted- and immunotherapies, while treatment outcomes are monitored and 

publicly reported. This significantly improves common practice, in which individual physicians 

may obtain anti-cancer drugs “off label” for their patients without subsequent public reporting 

of clinical outcomes. Public availability of such data is especially relevant given recent concerns 

that increasingly widespread use of genetic profiling could escalate the demand for off label 

treatment19. Also, the importance of publicly reporting negative results cannot be underesti-

mated, as it prevents patient exposure to ineffective agents with all accompanying toxicities 

and financial costs. Third, because new cohorts can be opened without delay, new insights into 

molecular mechanisms of action of existing (or experimental) drugs can rapidly be brought to the 

clinic. Fourth, by using WGS, we identified many potentially actionable variants that fall outside 

the standard testing scope typically performed by smaller gene panels, immunohistochemis-

try, and/or in-situ hybridization. Although still costly, WGS may thus eventually improve cost-ef-

fectiveness by replacing a number of smaller tests, whilst identifying more (appropriate) treat-

ment options for each patient. Fifth, an integral part of our approach is a tiered review process, 

including literature review and multidisciplinary expert boards, before patients are entered in the 

DRUP. This prevents prescription of anti-cancer drugs when negative clinical data are available, 

or when actionability of the variant is unknown or unlikely. Finally, our study design and informed 

consent both allow for international data sharing. By combining cohorts from similar interna-

tional studies such as TAPUR (USA) and CAPTUR (Canada), we will accelerate our knowledge on 
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rare cancer subsets and their treatment outcomes. But most importantly, our approach shows 

that existing anti-cancer drugs may have value beyond their approved indications, potentially 

expanding the range of patients who may benefit.

Methods

The DRUP is a national, prospective, non-randomized multi-drug and multi-tumor study, designed 

and conducted on behalf of the CPCT (clinicaltrials.gov: NCT02925234). The trial was approved 

by the Medical Ethical Committee of the Netherlands Cancer Institute in Amsterdam and was 

conducted in accordance with GCP guidelines and the Declaration of Helsinki’s ethical principles 

for medical research20. Written informed consent was obtained from all study subjects. Patients 

were accrued at multiple hospitals throughout the Netherlands, and followed for 30 days after 

end of study treatment, or death, respectively, for toxicity and survival analyses. For a schematic 

overview of the study design, see Extended Data Figure 1.  

Patient population

Eligible patients had an advanced or metastatic solid tumor, multiple myeloma or B cell non-Hod-

gkin lymphoma, and had exhausted standard treatment options. A tumor genetic or protein 

expression test (CPCT or regular diagnostics) must have revealed a potentially actionable variant, 

for which FDA and / or EMA approved targeted therapy was available, but not for the tumor type 

in question. In addition, patients were required to be ≥18 years of age, with acceptable organ 

function and performance status (ECOG ≤2), and to have objectively evaluable disease of which a 

fresh baseline tumor biopsy could safely be obtained. For every study drug, further drug-specific 

selection criteria applied.

Matching rules

Upon case submission, the study team attempted to match each patient to the most appropriate 

study treatment (Extended Data Figure 2), according to pre-defined matching rules (Extended 

Data Table 1). For matching-purposes, a potentially actionable molecular variant was defined as 

(based on the paper by Meric-Bernstam et al21):

· Variant is the target of an approved drug for any cancer indication, or is known 

 to predict sensitivity to an approved drug for any cancer indication.

· Variant is in the same molecular pathway, but located upstream of the target 

 of an approved drug for any cancer indication, and has been reported as 

 oncogenic/pathogenic mutation..

· Mutations that result in unique susceptibility to a specific molecular 

 intervention (such as BRCA1/2 mutations and PARP inhibitors, or MSI and PD-1 

 inhibitors).

· Other variants that have appropriate justification for selection based on 

 published scientific evidence regarding susceptibility to specific targeted 

 therapies.
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If multiple variant-drug matches could be made for one patient, the drug with the highest level 

of evidence was selected, unless there’s rationale (such as drug-intolerance) to justify selecting 

an agent with a lower level of evidence. Levels of evidence were adapted from Meric-Berstam 

et al21 and defined as:

· Level 1 drug met a clinical end point (OR, PFS or OS) in a prospective trial, 

 in patients with the same variant and tumor type, and has not yet received 

 regulatory approval for use in patient’s tumor type.

· Level 2 clinical studies have demonstrated an association between presence 

 of the variant, and drug-activity against the patient’s tumor type. 

· Level 3 drug is commercially available in the US and / or EU for use in 

 another tumor type harboring the same variant.

· Level 4 preclinical evidence of antitumor activity and target inhibition in 

 model systems of patient’s tumor type. 

Study treatment and assessments

If a matching study treatment slot was available, to which the patient consented, the patient 

could be enrolled provided that all drug-specific selection criteria were met. Once a fresh base-

line tumor biopsy for biomarker analyses was obtained, study treatment could be initiated. 

Treatment and follow up were conducted conform the approved indication. All treatment-re-

lated CTCAE 4.03 grade ≥3 adverse events were documented. Response was evaluated every 

two months (up to every three months for patients who remained on-study for ≥6 months), and 

classified by local investigators according to the internationally accepted criteria for each tumor 

type22-26. Study treatment could continue until progressive disease (patients receiving immune 

system stimulating agents were permitted to continue treatment in case of pseudo-progres-

sion), unacceptable treatment-related toxicity, death, pregnancy, consent withdrawal or with-

drawal from the study at the discretion of the investigator. 

Baseline tumor biopsies

A fresh frozen tumor biopsy specimen was mandatory before treatment initiation (baseline 

biopsy: obtained ≤2 months before enrollment, and without any anti-cancer therapy within those 

≤2 months), and optional during and after study treatment. All biopsies were sent to the CPCT’s 

central sequencing institute (Hartwig Medical Foundation (HMF), Amsterdam, the Netherlands), 

together with a 10 ml blood sample to determine patient’s germline DNA background variation. 

If tumor cell percentage was ≥30% and DNA yield was ≥300 ng, whole genome sequencing 

(WGS) and biomarker analyses were performed. 

The WGS data and treatment details were stored in a national, centralized database (HMF). 

In addition, a sequencing report was returned to the local Principal Investigator and could be 

used to re-assess eligibility if a patient progressed on initial study treatment. Importantly, as the 

baseline biopsy was obtained after enrollment, the baseline WGS results did not affect study 

treatment initiation.
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In addition to a summary of somatic variants across cancer related genes, the sequencing report 

contained information regarding complex molecular features of the tumor, including the muta-

tional load and microsatellite (in)stability. The tumor mutational load represents the total num-

ber of somatic missense variants across the whole genome of the tumor. The microsatellite 

instability score represents the number of somatic inserts and deletes in (short) repeat sections 

across the whole genome of the tumor per Mb. This metric can be considered as a good marker 

for instability in microsatellite repeat regions27, and has been extensively validated against the 

standard MSI-PCR assay used in routine practice (data not shown).

Cohort design

The study comprised of multiple parallel cohorts, each defined by one histologic tumor type, 

one molecular tumor variant, and one study treatment. For purposes of cohort definition, the 

‘variant’ category was defined at the level of the gene or receptor that harbors the mutation, 

translocation, amplification, overexpression, or homozygous deletion; i.e. EGFR mutant was 

defined as the ‘variant’ for purposes of cohort definition and included all detected EGFR muta-

tions. 

The clinical benefit rate of each treatment was analyzed per cohort. Clinical benefit was defined 

as objective response, or absence of disease progression for ≥16 weeks (counted from treatment 

initiation until end of treatment or measurement of PD, whichever came first), measured ≥2x and 

≥28 days apart (i.e., confirmed). Per cohort, a clinical benefit rate of <10% was considered of no 

clinical interest. A clinical benefit rate of ≥30% was considered relevant and of sufficient interest 

to warrant further investigation. A Simon-like two-stage ‘admissible’ design16,17 was used for 

each cohort: in stage I, eight patients were enrolled. If no clinical benefit was observed in these 

first eight patients, the cohort would be closed. Otherwise, sixteen additional patients would be 

enrolled. Cohorts with clinical benefit in ≤4 out of 24 patients would be considered ineffective, 

while cohorts with clinical benefit in ≥5 patients would be considered effective. This monitor-

ing rule has 85% power and an alpha error rate of 7.8%. These operating characteristics were 

selected to represent a reasonable compromise between high power, low false positive rates, 

and desire for small sample sizes, especially in stage one.

Study endpoints 

Main study endpoints included (I) the percentage of submitted patients that start study treat-

ment, and the main reasons for non-enrollment, (II) efficacy, including best overall response, 

response duration, and clinical benefit rate, and (III) toxicity, including all treatment-related 

grade≥3 adverse events. Sequencing-success rate of pretreatment biopsies and comparison of 

‘historic’ and baseline tumor profiles formed an exploratory endpoint (IV). All endpoints were 

prospectively decided. For endpoint (I), all cases that were submitted for review were considered 

evaluable, and reasons for non-evaluability were classified by two reviewers independently. For 

endpoint (II), best overall response was considered evaluable in patients who received at least 

one cycle of oral study medication or two cycles of intravenous study medication, and for whom 

response was radiologically or clinically evaluable (at the treating physician’s discretion). Clinical 

benefit calculations included all enrolled patients, regardless of best overall response-evalua-
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bility. All patients without clinical benefit had been followed for at least 16 weeks at the time 

of the analysis, so no censoring was necessary. All patients who received study treatment were 

considered evaluable for endpoint (III), and all patients who are formally enrolled were consid-

ered evaluable for endpoint (IV).

Statistics

All statistical analyses were performed using R version 3.5.0 (http://www.R-project.org/). This 

trial was not randomized and investigators were not blinded to treatment allocation or out-

come assessments. Patient characteristics, adverse events and tumor responses were summa-

rized using descriptive statistics. In addition, a waterfall plot was used to illustrate maximum 

tumor shrinkage compared to baseline. Percentages were calculated with their 95% confidence 

intervals using the Clopper-Pearson method. Kaplan-Meier methods were used to estimate OS 

(calculated from the first day of treatment administration to the date of death from any cause, 

censoring patients who were alive at last follow-up), PFS (from start treatment to progression 

or death from any cause, whichever came first, and censoring patients alive without progres-

sion), and time on treatment (censoring patients who did not finish treatment yet at the time of 

analysis).
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n = 100

Gender
Male
Female

53
47

53%
47%

Age (approximately at consent)
Median (range) 63 (23 – 84)

WHO Performance Status
WHO 0
WHO 1
WHO 2
Not available

29
56
7
8

29%
56%
7%
8%

Primary tumor types
Colorectal cancer
Non-small cell lung cancer
Prostate cancer
Breast cancer
Salivary duct carcinoma
Gastro-intestinal stroma cell tumor
Ovarian cancer
Urothelial cell carcinoma
Head-and-neck squamous cell carcinoma
Other

27
21
8
7
7
5
4
4
3
14

 
27%
21%
8%
7%
7%
5%
4%
4%
3%
14%

Number of prior systemic therapies
Median (range)
Standard treatment not exhausted*
· Patient refusal or preference
· Physician preference
· Other

3
16
9
3
4

(0 – 10)
16%

Profiling test used for enrollment
Regular diagnostics
CPCT-facilitated WGS

67
33

67%
33%

Table 1 Baseline characteristics

Table 1 Baseline characteristics of the first 100 patients who started study treatment. * Sixteen patients were enrolled whereas 
not all standard treatment options had been exhausted. This mainly concerned patients who refused standard chemotherapy 
due to fear of toxicity, and cases in which the treating physician had well-argued reasons to refrain from certain standard 
therapies (i.e. low response rate to standard therapies in specific patient subgroups). Abbreviations CPCT = Center for 
Personalized Cancer Treatment, MSI = microsatellite instable, WGS = Whole Genome Sequencing, WHO = World Health 
Organization.

Tables and figures
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Cohort 1 Cohort 2 Cohort 3 Cohort 4 Cohort 5

Dabrafenib +
Trametinib

TT NSCLC

TP BRAFmut

n 1

Nilotinib TT GIST GIST Mesothelioma

TP KITmut PDGFRαmut PDGFRαmut

n 4 1 1

Nivolumab TT All tumors All tumors

TP HML MSI

n 10 20

Olaparib TT All tumors All tumors All tumors

TP ATMmut BRCA1/2mut HRR deficient

n 5 6 1

Panitumumab TT HNSCC NSCLC Salivary duct Sarcoma Thyroid

TP RAF/RASwt RAF/RASwt EGFRmut RAF/RASwt RAF/RASwt RAF/RASwt

n 1 1 1 1 1

Pembrolizumab TT All tumors

TP HML

n 8

Regorafenib TT Esthesion. NSCLC

TP RETfus RETfus

n 1 4

Trametinib TT Cervix NEC NSCLC NSCLC Ovarian

TP MAP3K1mut MAP3K1mut MEK1mut NRASmut NRASmut

n 1 1 2 1 1

Trastuzumab +
Pertuzumab

TT Cholangio CRC NSCLC NSCLC Salivary duct

TP ERBB2ampl ERBB2ampl ERBB2ampl ERBB2mut ERBB2ampl

n 1 5 4 7 4

Vemurafenib +
Cobimetinib

TT ACUP Ovarian Salivary duct Thyroid

TP BRAFmut BRAFmut BRAFmut BRAFmut

n 1 2 2 1

Table 2 Opened cohorts
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Table 2 Overview of cohorts that have been opened for the first 100 patients who started study treatment, including the 
number of patients that has been enrolled in each cohort. The dabrafenib + trametinib BRAFmut NSCLC cohort has been 
closed, since this treatment is now registered and reimbursed for this indication. No other cohorts have been closed. 
Abbreviations ACUP = adenocarcinoma of unknown primary, CRC = colorectal cancer, esthesion. = esthesioneuroblastoma, 
GIST = gastro-intestinal stromal tumor, HML = high mutational load, HNSCC = head and neck squamous cell carcinoma, HRR 
= homologous recombination repair, MSI = microsatellite instable, NEC = neuro-endocrine carcinoma, NSCLC = non-small cell 
lung cancer, TP = tumor profile, TT = tumor type, ampl = amplification, mut = mutation, wt = wild type.

n
In total, over 100 
patients

Median duration in months 
(95% CI)

Clinical benefit CR (confirmed) 1 44% 10 (8 – not yet reached)

PR (confirmed) 17

non-PD ≥16 weeks (confirmed) 26

No clinical 
benefit

PD <16 weeks / non-confirmed 
non-PD

49 56% 

Study withdrawal for other reasons 
than PD

7

Table 3 Response- and clinical benefit rate

Table 3 Clinical benefit and response rate in the first 100 patients who started study treatment. Clinical benefit is defined as 
complete or partial remission, or absence of disease progression ≥16 weeks, and must be measured ≥2x and ≥28 days apart 
(i.e. confirmed). Given that nineteen patients had ongoing clinical benefit at the time of analyses, actual mean duration is 
expected to exceed current mean duration. Reasons for study withdrawal other than PD, included patient preference (n = 2), 
adverse events (n = 2), and decease before evaluability was reached (n = 3). Abbreviations CR = complete response, PD = 
progressive disease, PR = partial response.
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Figure 1 Waterfall plot of best percentage change in target lesions according to RECIST

Figure 1 Best percentage change in sum of target lesions compared to baseline tumor measurements according to RECIST 1.1, 
for all patients with ≥1 response evaluation and with known change in sum of target lesions (n = 83). Patients with unequivocal 
disease progression at first evaluation based on non-target lesions or non-RECIST measurements only, and patients who went 
off-study before response could be evaluated, are not included in this graph (n=17). 
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Extended Data Figure 1 Schematic overview of study- and cohort design. For each study drug, an (theoretically) unlim-
ited number of cohorts can be opened in parallel, depending on the tumor types and -profiles of submitted patients 
(and the amount of available study drug). For each new tumor type/tumor profile/study treatment-combination, a new 
cohort is opened. In each cohort, patients are enrolled following a two-stage design. Clinical benefit is defined as either 
complete or partial remission, or absence of disease progression for ≥16 weeks, and must be measured ≥2x and ≥28 days 
apart.

Drug A

Cohort 1

- Tumor type X
- Profile I

Cohort 1

- Tumor type X
- Profile ICohort 2

- Tumor type Y
- Profile II

Cohort 2

- Tumor type Y
- Profile IICohort 3

- Tumor type Z
- Profile III

Cohort 3

- Tumor type Z
- Profile IIICohort 4

- Tumor type...
- Profile...

Drug B Etc.

Extended Data Figure 1 Study design

Every new “drug/tumor type/
tumor profile”-combination forms 
a new cohort

Each cohort follows a two-
stage design for accrual

> 5x Clinical
 benefit?

Cohort
successful

< 5x Clinical
 benefit?

Stop 
cohort

Stage 1
8 patients

Stage 2
+ 16 patients

> 1x Clinical
 benefit?

< 1x Clinical
 benefit?

Stop 
cohort

The Drug Rediscovery Protocol (DRUP)
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Extended Data Figure 2 Schematic overview of study flow upon case submission. Adult patients with advanced cancers, 
without standard treatment options but with a known potentially actionable variant in their molecular tumor profile, can 
be submitted for review. Central review is done by ≥2 reviewers independently, supported by the Center for Personalized 
Cancer Treatment (CPCT) national multidisciplinary Molecular Tumor Board, and includes review of (i) the patient’s med-
ical history, (ii) the tumor profiling test results, (iii) available literature, and (iv) potential drug access alternatives. Patients 
who are eligible for standard treatments are referred back to their treating physician (i). Genomic variants of unknown 
significance (VUS) that are unlikely actionable are not considered acceptable drug-targets (ii). Negative trials are not 
repeated; neither are positive or ongoing phase II or III trials, unless drug access is not (yet) facilitated (iii). If available, 
however, drug access via other trials or access programs is preferred (iv). Input for (iii) and (iv) is derived from PubMed, 
ClinincalTrials.gov and weekly automatic updates on publications mentioning any study drug in its title and / or abstract. 
If general selection criteria are met and appropriate study treatment is available, the patient can be informed, screened 
and enrolled, provided that all drug-specific selection criteria are met. Once a fresh baseline tumor biopsy is obtained, 
study treatment can be initiated. Patients are treated and followed according to the labeled indication for each drug. 
Response is evaluated once every two months, according to the internationally accepted criteria for each tumor type. 
Patients can continue study treatment as long as clinical benefit is observed. Patients who discontinue study treatment 
can be resubmitted for another study drug, provided that their molecular tumor profile (as revealed by the baseline 
biopsy) contains additional actionable variants. Abbreviations CR = complete response, PD = progressive disease, PR = 
partial response, SD = stable disease.

Extended Data Figure 2 Study flowchart

Case submission
• Medical history
• Results from genomic  
 profiling- or protein 
 expression test

≥1x no: submission rejected

5x yes: submission accepted
• Informed Consent
• Screening

Register patient on-study
• Obtain fresh tumor biopsy 
 for biomarker analyses
• Study drug is shipped to 
 site’s pharmacy

Drug-specific selection criteria 
met?

Start study treatment 
• Cf. labeled indication

Molecular Tumor Board
• Can be consulted for 
 interpretation of complex 
 profiles, or for advice on 
 tumor profile/drug matches

Response evaluation
• Every two months 

Reassess eligibility 
• Optional

SD, PR or CR?
• Continue treatment

PD or unacceptable toxicity?
• Stop treatment

Central case review
• Standard therapies 
 exhausted?
• Potentially actionable 
 variant present?
• Matching study drug 
 available?
• Sufficient supporting 
 evidence / rationale?
• No drug-access outside 
 DRUP?
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Extended Data Figure 3 Case submissions and reasons for non-accrual

Extended Data Figure 3 Overview of the first 529 case submissions (submitted between September 1st, 2016 and May 15th,  
2018) and reasons for non-enrollment. Values are displayed as percentage relative to these 529 case submissions, and as 
absolute number per category. Cases that were erroneously submitted, due to incomplete understanding of the study protocol 
and / or retraction of the submission by the treating physician, are not included in this overview (n = 34). Abbreviations DRUP 
= Drug Rediscovery Protocol.

529 cases submitted for review

357 allocated to study treatment 67% out of 529 submissions

277 eligible for study treatment 52% out of 529 submissions

80 dropout after allocation 15% out of 529 submissions
       n
* Patient does not or no longer meet selection criteria ................38
* Patient or physician opts for other treatment or trial..................20
* Patient prefers not to be treated anymore / at this time ............21
* Unknown ......................................................................................1

172 rejected  33% out of 529 submissions
       n
* Still eligible for standard treatment .............................................21
* Eligible for competing trial ..........................................................6
* Registered, matching treatment does not exist ..........................11
* Registered, matching treatment exists, but: 
 A. Negative evidence or lack of rationale ...................................48
 B. Variant appears to not / unlikely actionable ............................50
 C. Is not (yet) available within DRUP ...........................................23
 D. Selection criteria for drug-match not met ..............................13
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Extended Data Figure 4 Baseline biopsies for biomarker analyses

Extended Data Figure 4 Overview and success rate of WGS on pretreatment tumor biopsies. Lowest panel displays the 
number of patients for whom WGS succeeded, and demonstrates whether the initial variant, based on which the patient started 
study treatment, was also present in the fresh baseline biopsy. Values are displayed as absolute numbers and percentages, 
relative to the sub-selection in the panel directly above. Abbreviations CPCT-02 = the Netherlands Center for Personalized 
Cancer Treatment’s national WGS program, HML = high mutational load (overall defined as ≥140 somatic missense variants 
across the whole genome of the tumor, with additional tiered cutoffs for certain immunotherapies), Lynch = Lynch syndrome, 
MSI = microsatellite instable, WGS = Whole Genome Sequencing, WGS-MSI = microsatellite instability suspected based on 
whole genome sequencing results, ampl = amplification, mut = mutation, wt = wild type. 

100 patients enrolled

88 biopsies obtained

64 successfully sequenced 

* Waiver for baseline biopsy granted ..................................4 (4%) 
*  Biopsy not obtained (protocol deviation) .........................8 (8%)

* <30% tumor cells in baseline biopsy ................................23 (26%)
* <300ng DNA yield from baseline biopsy .........................1 (1%)

* Initial variant present in baseline biopsy ..........................62 (97%)
 31x  somatic mut/ampl     somatic mut/ampl

 2x  germline mut   germline mut

 4x  BRAF/KRAS/NRAS wt  BRAF/KRAS/NRAS wt

 10x HML   HML
 15x MSI or Lynch  WGS-MSI + HML
* Initial variant not present in new biopsy ...........................2 (3%)
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Extended Data Table 1 Available drugs and matching rules

Pharmaceutical supplier
Drug, including allowed and 
non-allowed indications Available since

Amgen Panitumumab September 2016

 ATM, BARD1, BRCA1/2, BRIP1, CDK12, CHEK1/2, FANCL, PALB2, PP2R2A, 
 RAD51B/C/D, RAD54L inactivating mutations

 Patients eligible for on-label olaparib or for the MEDIOLA, POLO,   
 PROFOUND, REVIVAL or SUBITO trial.

AstraZeneca Olaparib September 2016

 ATM, BARD1, BRCA1/2, BRIP1, CDK12, CHEK1/2, FANCL, PALB2, PP2R2A,
 RAD51B/C/D, RAD54L inactivating mutations

 Patients eligible for on-label olaparib or for the MEDIOLA, POLO, 
 PROFOUND, REVIVAL or SUBITO trial.

Bayer Regorafenib September 2016

 BRAF, CSF1(R), FLT1/4, KDR, KIT, PDGFRβ, RAF1, RET activating mutations, 
 amplifications, fusion or overexpression

 Patients eligible for on-label regorafenib

Boehringer Ingelheim Afatinib September 2017

 ERBB4 activating mutations or NRG1 activating mutations or fusions in 
 non-small cell lung cancer

  All tumor types and profiles not fulfilling the subscription above

Bristol-Myers Squibb Nivolumab September 2016

 High mutational load or micro-satellite instable tumors, with MLH1, MSH2/6 
 or PMS2 mutations or non-expression

  Patients eligible for on-label nivolumab

Eisai Lenvatinib October 2017

  FGFR1/2/3/4 activating mutations, amplifications or fusions

 Patients eligible for on-label lenvatinib

Merck Sharp & Dohme Pembrolizumab September 2017

  High mutational load tumors

 Patients eligible for on-label pembrolizumab and multiple myeloma
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Extended Data Table 1 Continued

Pharmaceutical supplier
Drug, including allowed and 
non-allowed indications Available since

Novartis Dabrafenib September 2016

  BRAF V600D/E/K/R activating mutations

 Patients eligible for on-label dabrafenib or for the ROAR trial, and tumors 
 with MAP2K1/2 or NRAS mutations

Nilotinib September 2016

 ABL1, KIT, PDGFRα, PDGFRβ activating mutations

 Patients eligible for on-label nilotinib, or for the SUSTRENIM or NAUT trial

Trametinib November 2016

  MAP2K1/2/4, MAP3K1 or NRAS activating mutations

 Patients eligible for on-label trametinib or for the KRAS trial

Pfizer Axitinib October 2017

 FLT1/4 or KDR activating mutations, amplifications or overexpression

  Patients eligible for on-label axitinib

Crizotinib October 2017

 ALK, MET, MST1R, ROS1 activating mutations, amplifications, fusions or 
 overexpression

  Patients eligible for on-label crizotinib, and tumors with known ALK-  
 resistance mutationsb

Sunitinib October 2017

  CSF1R, FGFR1/2/3, FLT1/3/4, KDR, KIT, PDGFRα/β, RET, VHL activating 
 mutations, amplifications, fusions or overexpression

 Patients eligible for on-label sunitinib, and tumors with KIT D842V mutations

Roche Erlotinib September 2016

  EGFR activating mutations or exon 19 deletions in the region E746_E759

 Patients eligible for on-label erlotinib, and tumors with known 
 EGFR-resistance mutations
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Extended Data Table 1 Continued 

Pharmaceutical supplier
Drug, including allowed and 
non-allowed indications Available since

Roche Trastuzumab + pertuzumab September 2016

   ERBB2 activating mutations, amplifications exon 20 insertions or 
overexpression

 Patients eligible for on-label trastuzumab + pertuzumab or for the
 KAMELEON trial

Vemurafenib + cobimetinib September 2016

 BRAF V600D/E/K/R activating mutations

 Patients eligible for on-label vemurafenib + cobimetinib, and tumors with 
 MAP2K1/2 or NRAS mutations

Vismodegib September 2016

 PTCH1 activating mutations

 Patients eligible for on-label vismodegib, and tumors with known SMO-
 resistance mutations or with GLI2 amplification

Extended Data Table 1 Participating pharmaceutical companies and available study drugs. To be eligible for a given treatment, 
patients must meet the checkmark description for that treatment. Exclusion criteria are marked with a minus.
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BASELINE PRE-TREATMENT WGS

Patient ID Tumor type Initial variant, used for 
enrollment

Detected by Study treatment Initial variant confirmed? *Potentially relevant addition-
al findings?

DRUP01010001 Sarcoma BRAF-KRAS-NRAS wildtype WGS Panitumumab yes

DRUP01010006 Colorectal cancer (CRC) ERBB2 amplification (SISH) PA Trastuzumab + Pertuzumab yes

DRUP01010007 Colorectal cancer (CRC) ERBB2 amplification PA Trastuzumab + Pertuzumab yes HML

DRUP01010010 Non-Small Cell Lung Cancer (NSCLC) RET translocation (FISH) PA Regorafenib no HML

DRUP01010012 Breast cancer BRCA inactivation 
(p.Tyr3035Ser, germline)

PA Olaparib yes PTEN inactivation (disruption)

DRUP01010013 Adenocarcinoma of Unknown Primary 
(ACUP)

BRAF p.Val600Glu PA Vemurafenib + cobimetinib yes ERBB3 copy-gain

DRUP01010014 Colorectal cancer (CRC) HML WGS Nivolumab yes RNF43 inactivation (p.Gly659fs)

DRUP01010016 Non-Small Cell Lung Cancer (NSCLC) MAP2K1 p.Lys57Asn PA Trametinib yes
ATM inactivation (p.Gln1825*) 
RAD51B inactivation (disrup-
tion)

DRUP01010017 Non-Small Cell Lung Cancer (NSCLC) MAP2K1 p.Lys57Asn PA Trametinib yes HML

DRUP01010018 Colorectal cancer (CRC) MSI PA Nivolumab yes HML 
NTRK fusion (NTRK1-TRP)

DRUP01010019 Biliary tract cancer ERBB2 copy-gain WGS Trastuzumab + pertuzumab yes ATM inactivation (p.Val1070fs)

DRUP01010020 Urothelial Cell Carcinoma (UCC) MSI PA Nivolumab yes

DRUP01010022 Cervical cancer MSI PA Nivolumab yes HML

DRUP01010023 Non-Small Cell Lung Cancer (NSCLC) NRAS p.Gln61Leu PA Trametinib yes HML

DRUP01010024 Non-Small Cell Lung Cancer (NSCLC) ERBB2 exon 20 in-frame 
insertion

PA Trastuzumab + pertuzumab yes RB1 inactivation (loss)

DRUP01010025 Colorectal cancer (CRC) MSI PA Nivolumab yes HML 
RNF43 inactivation (p.Gly659fs)

DRUP01010026 Colorectal cancer (CRC) MSI PA Nivolumab yes HML 
AKT1 p.Glu17Lys

DRUP01010034 Non-Small Cell Lung Cancer (NSCLC) ERBB2 amplification (IHC) PA Trastuzumab + Pertuzumab yes HML

DRUP01010036 Mesothelioma PDGFRA p.Val561Phe PA Nilotinib yes

DRUP01010037 Breast cancer MSI PA Nivolumab yes HML 
JAK2 fusion (JAK2-CARM1P1)

Extended data table 2 Tumor profiles and Whole Genome Sequencing
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BASELINE PRE-TREATMENT WGS

Patient ID Tumor type Initial variant, used for 
enrollment

Detected by Study treatment Initial variant confirmed? *Potentially relevant addition-
al findings?

DRUP01010001 Sarcoma BRAF-KRAS-NRAS wildtype WGS Panitumumab yes

DRUP01010006 Colorectal cancer (CRC) ERBB2 amplification (SISH) PA Trastuzumab + Pertuzumab yes

DRUP01010007 Colorectal cancer (CRC) ERBB2 amplification PA Trastuzumab + Pertuzumab yes HML

DRUP01010010 Non-Small Cell Lung Cancer (NSCLC) RET translocation (FISH) PA Regorafenib no HML

DRUP01010012 Breast cancer BRCA inactivation 
(p.Tyr3035Ser, germline)

PA Olaparib yes PTEN inactivation (disruption)

DRUP01010013 Adenocarcinoma of Unknown Primary 
(ACUP)

BRAF p.Val600Glu PA Vemurafenib + cobimetinib yes ERBB3 copy-gain

DRUP01010014 Colorectal cancer (CRC) HML WGS Nivolumab yes RNF43 inactivation (p.Gly659fs)

DRUP01010016 Non-Small Cell Lung Cancer (NSCLC) MAP2K1 p.Lys57Asn PA Trametinib yes
ATM inactivation (p.Gln1825*) 
RAD51B inactivation (disrup-
tion)

DRUP01010017 Non-Small Cell Lung Cancer (NSCLC) MAP2K1 p.Lys57Asn PA Trametinib yes HML

DRUP01010018 Colorectal cancer (CRC) MSI PA Nivolumab yes HML 
NTRK fusion (NTRK1-TRP)

DRUP01010019 Biliary tract cancer ERBB2 copy-gain WGS Trastuzumab + pertuzumab yes ATM inactivation (p.Val1070fs)

DRUP01010020 Urothelial Cell Carcinoma (UCC) MSI PA Nivolumab yes

DRUP01010022 Cervical cancer MSI PA Nivolumab yes HML

DRUP01010023 Non-Small Cell Lung Cancer (NSCLC) NRAS p.Gln61Leu PA Trametinib yes HML

DRUP01010024 Non-Small Cell Lung Cancer (NSCLC) ERBB2 exon 20 in-frame 
insertion

PA Trastuzumab + pertuzumab yes RB1 inactivation (loss)

DRUP01010025 Colorectal cancer (CRC) MSI PA Nivolumab yes HML 
RNF43 inactivation (p.Gly659fs)

DRUP01010026 Colorectal cancer (CRC) MSI PA Nivolumab yes HML 
AKT1 p.Glu17Lys

DRUP01010034 Non-Small Cell Lung Cancer (NSCLC) ERBB2 amplification (IHC) PA Trastuzumab + Pertuzumab yes HML

DRUP01010036 Mesothelioma PDGFRA p.Val561Phe PA Nilotinib yes

DRUP01010037 Breast cancer MSI PA Nivolumab yes HML 
JAK2 fusion (JAK2-CARM1P1)
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Extended data table 2 Continued

BASELINE PRE-TREATMENT WGS

Patient ID Tumor type Initial variant, used for 
enrollment

Detected by Study treatment Initial variant confirmed? *Potentially relevant addition-
al findings?

DRUP01010038 Non-Small Cell Lung Cancer (NSCLC) ERBB2 exon 20 in-frame 
insertion

PA Trastuzumab + pertuzumab yes

DRUP01010041 Colorectal cancer (CRC) HML WGS Pembrolizumab yes

DRUP01010044 Colorectal cancer (CRC) HML WGS Pembrolizumab yes ERBB2 copy-gain

DRUP01010047 Colorectal cancer (CRC) MSI PA Nivolumab yes
HML 
ALK fusion (EML4-ALK) 
RNF43 inactivation (p.Gly659fs)

DRUP01010050 Colorectal cancer (CRC) MSI PA Nivolumab yes
HML 
RNF43 inactivation (p.Gly659fs) 
BRCA1 inactivation (p.Lys339fs) 
RAD50 inactivation (p.Lys722fs)

DRUP01010051 Colorectal cancer (CRC) MSI PA Nivolumab yes HML

DRUP01010054 Non-Small Cell Lung Cancer (NSCLC) ATM splice variant (c.1236-
1G>T)

PA Olaparib no

DRUP01020002 Breast cancer BRCA2 inactivation 
(p.Val1283fs, germline)

PA Olaparib yes HML 
ESR1 p.Tyr537Ser

DRUP01020004 Ovarian cancer BRAF p.Val600Glu PA Vemurafenib + cobimetinib yes

DRUP01020006 Non-Small Cell Lung Cancer (NSCLC) BRAF p.Val600Glu PA Dabrafenib + trametinib yes HML

DRUP01020012 Thyroid cancer BRAF p.Val600Glu PA Vemurafenib + cobimetinib yes

DRUP01030004 Head-and-Neck Squamous Cell Carcino-
ma (HNSCC)

BRAF-KRAS-NRAS wildtype PA Panitumumab yes CCND1 copy-gain 
MDM2 copy-gain

DRUP01050001 Colorectal cancer (CRC) MSI PA Nivolumab yes

HML 
PIK3CA p.His1047Arg 
RNF43 inactivation (p.Gly659fs) 
BRCA1 inactivation (p.Lys654fs) 
CHEK2 inactivation (p.Phe335fs)

DRUP01050002 Colorectal cancer (CRC) MSI PA Nivolumab yes

HML 
PIK3CA p.His1047Arg 
MAP2K4 p.Pro356Ser 
RNF43 inactivation (p.Gly659fs 
& p.Arg117fs) 
BRCA2 inactivation 
(p.Gln3047*)

DRUP01050003 Glioblastoma Multiforma (GBM) MSI PA Nivolumab yes HML

DRUP01050008 Esthesioneuroblastoma RET p.Pro841Leu WGS Regorafenib yes
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BASELINE PRE-TREATMENT WGS

Patient ID Tumor type Initial variant, used for 
enrollment

Detected by Study treatment Initial variant confirmed? *Potentially relevant addition-
al findings?

DRUP01010038 Non-Small Cell Lung Cancer (NSCLC) ERBB2 exon 20 in-frame 
insertion

PA Trastuzumab + pertuzumab yes

DRUP01010041 Colorectal cancer (CRC) HML WGS Pembrolizumab yes

DRUP01010044 Colorectal cancer (CRC) HML WGS Pembrolizumab yes ERBB2 copy-gain

DRUP01010047 Colorectal cancer (CRC) MSI PA Nivolumab yes
HML 
ALK fusion (EML4-ALK) 
RNF43 inactivation (p.Gly659fs)

DRUP01010050 Colorectal cancer (CRC) MSI PA Nivolumab yes
HML 
RNF43 inactivation (p.Gly659fs) 
BRCA1 inactivation (p.Lys339fs) 
RAD50 inactivation (p.Lys722fs)

DRUP01010051 Colorectal cancer (CRC) MSI PA Nivolumab yes HML

DRUP01010054 Non-Small Cell Lung Cancer (NSCLC) ATM splice variant (c.1236-
1G>T)

PA Olaparib no

DRUP01020002 Breast cancer BRCA2 inactivation 
(p.Val1283fs, germline)

PA Olaparib yes HML 
ESR1 p.Tyr537Ser

DRUP01020004 Ovarian cancer BRAF p.Val600Glu PA Vemurafenib + cobimetinib yes

DRUP01020006 Non-Small Cell Lung Cancer (NSCLC) BRAF p.Val600Glu PA Dabrafenib + trametinib yes HML

DRUP01020012 Thyroid cancer BRAF p.Val600Glu PA Vemurafenib + cobimetinib yes

DRUP01030004 Head-and-Neck Squamous Cell Carcino-
ma (HNSCC)

BRAF-KRAS-NRAS wildtype PA Panitumumab yes CCND1 copy-gain 
MDM2 copy-gain

DRUP01050001 Colorectal cancer (CRC) MSI PA Nivolumab yes

HML 
PIK3CA p.His1047Arg 
RNF43 inactivation (p.Gly659fs) 
BRCA1 inactivation (p.Lys654fs) 
CHEK2 inactivation (p.Phe335fs)

DRUP01050002 Colorectal cancer (CRC) MSI PA Nivolumab yes

HML 
PIK3CA p.His1047Arg 
MAP2K4 p.Pro356Ser 
RNF43 inactivation (p.Gly659fs 
& p.Arg117fs) 
BRCA2 inactivation 
(p.Gln3047*)

DRUP01050003 Glioblastoma Multiforma (GBM) MSI PA Nivolumab yes HML

DRUP01050008 Esthesioneuroblastoma RET p.Pro841Leu WGS Regorafenib yes
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BASELINE PRE-TREATMENT WGS

Patient ID Tumor type Initial variant, used for 
enrollment

Detected by Study treatment Initial variant confirmed? *Potentially relevant addition-
al findings?

DRUP01050009 Head-and-Neck Squamous Cell Carcino-
ma (HNSCC)

HML WGS Pembrolizumab yes

DRUP01070001 Colorectal cancer (CRC) MSI PA Nivolumab yes HML

DRUP01070002 Urothelial Cell Carcinoma (UCC) MSI PA Nivolumab yes HML

DRUP01070003 Salivary duct carcinoma BRAF p.Val600Glu PA Vemurafenib + cobimetinib yes AKT p.Glu17Lys

DRUP01070005 Gastro-Intestinal Stroma Tumor (GIST) KIT p.Val560del WGS Nilotinib yes KIT p.Asp816His

DRUP01070006 Gastro-Intestinal Stroma Tumor (GIST)
 
KIT p.Ala502_Tyr503dup & 
p.Asp820Glu

PA Nilotinib yes

DRUP01070008 Prostate cancer HML WGS Nivolumab yes

MSI 
PIK3CA p.Glu542Lys 
MSH2 inactivation (disruption) 
RAD50 inactivation (p.Asn934fs) 
CDK12 inactivation (p.His1035fs 
& p.Arg1242*)

DRUP01070009 Salivary duct carcinoma BRAF p.Val600Glu PA Vemurafenib + cobimetinib yes

DRUP01070010 Gastro-Intestinal Stroma Tumor (GIST) KIT p.Trp557Gly & 
p.Tyr823Asp

PA Nilotinib yes

DRUP01070015 Prostate cancer HML WGS Nivolumab yes
MSI 
MSH2 inactivation (loss) 
MSH6 inactivation (loss)

DRUP01070016 Adenoid cystic carcinoma (ACC) ATM p.Leu1527fs WGS Olaparib yes

DRUP01070017 Colorectal cancer (CRC) BRCA2 inactivation (p.
Cys3173*)

WGS Olaparib yes

DRUP01070020 Prostate cancer HML WGS Nivolumab yes

MSI 
AKT p.Glu17Lys & copy-gain 
RAD50 inactivation (p.Lys722fs) 
MSH6 inactivation (p.Phe1103fs) 
MLH1 inactivation (p.Arg659*)

DRUP01070021 Prostate cancer PPP2R2A inactivation (loss) WGS Olaparib yes

DRUP01070022 Salivary duct carcinoma ERBB2 amplification (FISH) PA Trastuzumab + pertuzumab yes

DRUP01070023 Salivary duct carcinoma BRAF-KRAS-NRAS wildtype WGS Panitumumab yes
EGFR copy-gain 
KRAS copy-gain 
FANCB copy-loss
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BASELINE PRE-TREATMENT WGS

Patient ID Tumor type Initial variant, used for 
enrollment

Detected by Study treatment Initial variant confirmed? *Potentially relevant addition-
al findings?

DRUP01050009 Head-and-Neck Squamous Cell Carcino-
ma (HNSCC)

HML WGS Pembrolizumab yes

DRUP01070001 Colorectal cancer (CRC) MSI PA Nivolumab yes HML

DRUP01070002 Urothelial Cell Carcinoma (UCC) MSI PA Nivolumab yes HML

DRUP01070003 Salivary duct carcinoma BRAF p.Val600Glu PA Vemurafenib + cobimetinib yes AKT p.Glu17Lys

DRUP01070005 Gastro-Intestinal Stroma Tumor (GIST) KIT p.Val560del WGS Nilotinib yes KIT p.Asp816His

DRUP01070006 Gastro-Intestinal Stroma Tumor (GIST)
 
KIT p.Ala502_Tyr503dup & 
p.Asp820Glu

PA Nilotinib yes

DRUP01070008 Prostate cancer HML WGS Nivolumab yes

MSI 
PIK3CA p.Glu542Lys 
MSH2 inactivation (disruption) 
RAD50 inactivation (p.Asn934fs) 
CDK12 inactivation (p.His1035fs 
& p.Arg1242*)

DRUP01070009 Salivary duct carcinoma BRAF p.Val600Glu PA Vemurafenib + cobimetinib yes

DRUP01070010 Gastro-Intestinal Stroma Tumor (GIST) KIT p.Trp557Gly & 
p.Tyr823Asp

PA Nilotinib yes

DRUP01070015 Prostate cancer HML WGS Nivolumab yes
MSI 
MSH2 inactivation (loss) 
MSH6 inactivation (loss)

DRUP01070016 Adenoid cystic carcinoma (ACC) ATM p.Leu1527fs WGS Olaparib yes

DRUP01070017 Colorectal cancer (CRC) BRCA2 inactivation (p.
Cys3173*)

WGS Olaparib yes

DRUP01070020 Prostate cancer HML WGS Nivolumab yes

MSI 
AKT p.Glu17Lys & copy-gain 
RAD50 inactivation (p.Lys722fs) 
MSH6 inactivation (p.Phe1103fs) 
MLH1 inactivation (p.Arg659*)

DRUP01070021 Prostate cancer PPP2R2A inactivation (loss) WGS Olaparib yes

DRUP01070022 Salivary duct carcinoma ERBB2 amplification (FISH) PA Trastuzumab + pertuzumab yes

DRUP01070023 Salivary duct carcinoma BRAF-KRAS-NRAS wildtype WGS Panitumumab yes
EGFR copy-gain 
KRAS copy-gain 
FANCB copy-loss
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BASELINE PRE-TREATMENT WGS

Patient ID Tumor type Initial variant, used for 
enrollment

Detected by Study treatment Initial variant confirmed? *Potentially relevant addition-
al findings?

DRUP01070024 Cervical cancer MAP3K1 p.Pro91Leu WGS Trametinib yes

DRUP01080004 Breast cancer HML WGS Nivolumab yes
PI3KCA p.His1047Arg 
MAP2K4 copy-loss 
FGFR1 copy-gain

DRUP01080005 Neuro-endocrine carcinoma (NEC) MAP3K1 inactivation 
(p.Ser640*)

WGS Trametinib yes HML

DRUP01090001 Gastro-Intestinal Stroma Tumor (GIST) KIT p.Trp557_Lys558del & 
p.Tyr823Asp

PA Nilotinib yes

DRUP01090002 Salivary duct carcinoma ERBB2 amplification (IHC) PA Trastuzumab + pertuzumab yes MAP3K1 inactivation (disrup-
tion)

DRUP01090003 Colorectal cancer (CRC) MSI PA Nivolumab yes

HML 
CTNNB1 p.Ser45Phe 
PTEN inactivation (p.Thr319fs) 
BRCA2 inactivation (p.Asn986fs) 
MSH6 inactivation (p.Phe1088fs)

DRUP01090004 Thyroid cancer BRAF-KRAS-NRAS wildtype PA Panitumumab yes

DRUP01090005 Non-Small Cell Lung Cancer (NSCLC) ERBB2 amplification (IHC) PA Trastuzumab + Pertuzumab yes HML

DRUP01140001 Prostate cancer HML WGS Nivolumab yes MSI 
MSH6 inactivation (p.Val131fs)

DRUP01140002 Prostate cancer BRCA2 inactivation (p.Arg-
2842Cys)

WGS Olaparib yes

DRUP01140003 Ovarian cancer NRAS p.Gln61Arg PA Trametinib yes

HML  =  high mutational load, overall defined as ≥140 somatic missense variants across the whole genome of the tumor, 
  with additional tiered cutoffs for certain immunotherapies. 
MSI  =   microsatellite instability. The WGS-based MSI score represents the number of somatic inserts and deletes in 
  (short) repeat sections across the whole tumor genome per Mb; tumors with a score >4.0 were considered MSI.
PA  =  regular diagnostics / pathology.
WGS  =  Whole Genome Sequencing via the Center for Personalized Cancer Treatment sequencing program.

* Defined as
•  Aberrations not included in standard molecular profiling tests for the concerned tumor type (see list below), that may 
 form a target for off-label treatment with an approved drug (other than the post-biopsy DRUP-treatment), or for 
 treatment with experimental agents currently in clinical testing.
•  Aberrations associated with therapy resistance.
•  High mutational load, defined as missense mutational burden of >140.

Extended data table 2 Continued
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BASELINE PRE-TREATMENT WGS

Patient ID Tumor type Initial variant, used for 
enrollment

Detected by Study treatment Initial variant confirmed? *Potentially relevant addition-
al findings?

DRUP01070024 Cervical cancer MAP3K1 p.Pro91Leu WGS Trametinib yes

DRUP01080004 Breast cancer HML WGS Nivolumab yes
PI3KCA p.His1047Arg 
MAP2K4 copy-loss 
FGFR1 copy-gain

DRUP01080005 Neuro-endocrine carcinoma (NEC) MAP3K1 inactivation 
(p.Ser640*)

WGS Trametinib yes HML

DRUP01090001 Gastro-Intestinal Stroma Tumor (GIST) KIT p.Trp557_Lys558del & 
p.Tyr823Asp

PA Nilotinib yes

DRUP01090002 Salivary duct carcinoma ERBB2 amplification (IHC) PA Trastuzumab + pertuzumab yes MAP3K1 inactivation (disrup-
tion)

DRUP01090003 Colorectal cancer (CRC) MSI PA Nivolumab yes

HML 
CTNNB1 p.Ser45Phe 
PTEN inactivation (p.Thr319fs) 
BRCA2 inactivation (p.Asn986fs) 
MSH6 inactivation (p.Phe1088fs)

DRUP01090004 Thyroid cancer BRAF-KRAS-NRAS wildtype PA Panitumumab yes

DRUP01090005 Non-Small Cell Lung Cancer (NSCLC) ERBB2 amplification (IHC) PA Trastuzumab + Pertuzumab yes HML

DRUP01140001 Prostate cancer HML WGS Nivolumab yes MSI 
MSH6 inactivation (p.Val131fs)

DRUP01140002 Prostate cancer BRCA2 inactivation (p.Arg-
2842Cys)

WGS Olaparib yes

DRUP01140003 Ovarian cancer NRAS p.Gln61Arg PA Trametinib yes

Standard tests (according to standard practice in the Netherlands)
•  Breast cancer: ERBB2
•  CRC: BRAF, KRAS, MSI, NRAS
•  GBM: BRAF, EGFR, IDH1, IDH2, 1p/19q deletion
•  GIST: BRAF, KIT, PDGFRA
•  Melanoma: BRAF
•  NSCLC: ALK, KRAS, EGFR, RET, ROS1
•  Ovarian cancer: BRCA
•  Thyroid: BRAF
•  Sarcoma: BRAF, KIT, PDGFRA
•  All other tumor types: no standard molecular tumor profiling tests
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Abstract

Importance Programmed death-1 (PD-1) pathway inhibitors, such as nivolumab, have proven 

highly effective against a variety of cancers. Pan-tumor nivolumab treatment, supported by 

whole genome sequencing (WGS), in patients with mismatch repair deficient/microsatellite insta-

ble (MSI) tumors may significantly impact patient outcome. Objective To determine tumor-ag-

nostic nivolumab efficacy, using MSI as an entry criterion. Design First completed cohort of 

the Drug Rediscovery Protocol (DRUP), an ongoing, open-label, non-randomized, prospective 

platform clinical trial. Setting Nationwide precision oncology trial. Participants Patients were 

accrued at five hospitals throughout the Netherlands. Eligible patients had a treatment refrac-

tory, advanced or metastatic MSI tumor; that was measurable according to RECIST1.1 or RANO 

criteria; were ≥18 years of age; and not eligible for on-label nivolumab. Interventions Nivolumab 

monotherapy (3 mg/kg, administered 1x/2 weeks), preceded by a mandatory baseline biopsy 

for biomarker analyses. Main Outcomes and Measures The primary endpoint was clinical 

benefit (CB), defined as partial/complete remission (PR/CR), or stable disease (SD) ≥16 weeks, 

and had to be measured ≥2x and ≥4 weeks apart. Additional endpoints included best over-

all response, response duration, progression free- and overall survival, toxicity, and biomarker 

analyses. Results In total, 30 patients with eight different tumor types were enrolled. Eleven 

patients had a partial remission (37%) and nine patients had stable disease ≥16 weeks (30%). Five 

patients had progressive disease as best overall response (17%), and five patients (17%) went off 

study before evaluability was reached (i.e., after <2 cycles of nivolumab treatment, and/or with 

insufficient response evaluations to classify as having CB or not). WGS-based MSI assessment 

was highly representative for IHC/PCR-based MSI identification and correlated strongly with 

tumor mutational burden. COSMIC mutational signature 6 was significantly associated with CB. 

Conclusions and Relevance Using MSI as a tumor-agnostic biomarker for treatment sensitivity, 

nivolumab led to durable clinical benefit in 67% of patients. Trial Registration: The DRUP is 

registered at ClinicalTrials.gov (NCT02925234). 
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Introduction

The discovery (and therapeutic targeting) of immune checkpoints, such as the programmed 

death 1 (PD-1) pathway, has led to major advances in cancer treatment. This pathway normally 

represses Th1 cytotoxic immune responses to prevent auto-immunity1,2, and is frequently upreg-

ulated in tumors and their surroundings. The so caused immunosuppression can be reversed 

by PD-1 pathway-blockage, thereby restoring anti-cancer immunity. This approach has led to 

impressive and durable responses in multiple tumor types3-7.

The biological concept of PD-1 inhibition suggests that tumors with a high incidence of non-syn-

onymous mutations, resulting in more neo-antigens that can elicit immune responses, may be 

most susceptible to PD-1 inhibition. Mismatch repair (MMR) deficiency and/or microsatellite 

instability (MSI) both result in increased expression of such neo-antigens: the MMR system is a 

post-replication repair process, that is activated when newly synthesized strands contain misin-

corporated nucleotides due to DNA polymerase proofreading errors8. Microsatellites are short 

tandem repeat DNA sequences and are particularly prone to DNA polymerase slippage. Dam-

age to the MMR system can thus cause MSI, and both are associated with a ‘hypermutator’ 

phenotype9. As such, MSI could help to identify tumors sensitive to immune-modulation. 

Sensitivity to PD-1 inhibition has indeed been observed across various MSI tumors10-12. Based 

on pooled results of two trials13,14, in 2017 in the United States (US) accelerated approval was 

granted to pembrolizumab for MSI tumors regardless of primary tumor type15. In the European 

Union (EU), however, tumor-agnostic approval of PD-1 inhibitors for MSI tumors is a matter of 

ongoing debate. Nivolumab, an approved PD-1 inhibitor, has demonstrated  promising activity in 

MSI colorectal cancer16, and has received US (but not EU) approval for this specific indication. Still, 

nivolumab has not yet been tested nor approved in a tumor-agnostic manner.

We therefore tested the anti-tumor activity of nivolumab across MSI tumors, in context of the 

Drug Rediscovery Protocol (DRUP)17,18. The DRUP is an ongoing multi-tumor and multi-drug tri-

al, in which patients are treated with approved targeted- or immunotherapies that have been 

matched to their molecular tumor profile. The DRUP hereby facilitates patient’s access to po-

tentially effective therapies, whilst systematically analyzing the outcomes of such therapies when 

prescribed outside of their labeled indication. Efficacy of each drug is analyzed per cohort. Here, 

we report on the first cohort to complete accrual: MSI tumors treated with nivolumab.

Methods

Patients were accrued at five hospitals throughout the Netherlands, in context of the DRUP (clin-

icaltrials.gov: NCT02925234). The DRUP was approved by the Medical Ethical Committee of the 

Netherlands Cancer Institute in Amsterdam and is conducted in accordance with GCP guidelines 

and the Declaration of Helsinki’s ethical principles for medical research19. Written informed con-

sent was obtained from all study subjects. 
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Study population and treatment

Eligible patients had treatment refractory, advanced or metastatic solid tumors, that were classi-

fied as MSI (i.e., Lynch syndrome and/or somatic MSI as diagnosed by local pathology or clinical 

genetics); were ≥18 years of age and not eligible for on-label nivolumab; had acceptable organ 

function and performance status; and had objectively measurable disease20-22 of which a baseline 

tumor biopsy could safely be obtained. Patients were treated with a standard nivolumab mono-

therapy regimen (3 mg/kg, administered once every two weeks) until progressive disease (PD) or 

intolerable toxicity occurred, and followed for 30 days after end of study, or death, respectively, 

for toxicity and survival analyses. 

Study endpoints

The primary endpoint of this study was clinical benefit (CB), defined as complete or partial remis-

sion (CR or PR), or stable disease (SD) for ≥16 weeks, and had to be measured ≥2x and ≥4 weeks 

apart (i.e., confirmed). Response was evaluated every two months (up to every three months for 

patients who remained on-study for ≥6 months), according to RECIST 1.120,21 or RANO criteria22. 

Treatment beyond progression was allowed in certain cases of unconfirmed PD, according to iRE-

CIST23. Secondary endpoints included best overall response (BOR), progression free- and overall 

survival (PFS and OS), and treatment-related grade≥3 adverse events (toxicity). Biomarker analysis 

was an exploratory endpoint. Only patients who received ≥2 cycles of nivolumab and who could 

be classified as having CB or not, were considered evaluable for cohort decisions. Non-evaluable 

patients were replaced.

Cohort design

Patients were enrolled following a Simon-like two-stage ‘admissible’ design24,25. Applying 85% 

power to reject a CB rate of 10% if the true percentage is 30% (actual α error rate 7.8%), implied 

that eight evaluable patients had to be included in stage I. In case CB was observed in ≥1 patient, 

accrual was continued to a total of 24 evaluable patients. The treatment approach was considered 

effective if ≥5 out of 24 evaluable patients had CB. 

Biomarker analyses 

All patients had previously been diagnosed with a MSI malignancy as described above. Upon 

enrollment, a mandatory fresh frozen baseline tumor biopsy was obtained for Whole Genome Se-

quencing (WGS). Baseline biopsies were sent to a central sequencing facility, the Hartwig Medical 

Foundation (HMF), together with a 10 ml blood sample to determine the patient’s germline DNA 

and to discriminate between polymorphisms and somatic variants. Only biopsies with tumor cell 

percentage ≥30% and DNA yield ≥300 ng were sequenced. Germline controls and tumor biopsies 

were sequenced with an average base coverage of 38 and 106x, respectively. The used bioinfor-

matic analyses and scripts are available at Github (https://github.com/hartwigmedical/scripts). 

Sequencing data were stored in a national database to enable large-scale biomarker analyses. 

A summary of the findings was returned to the treating physician for potential future treatment 

planning/trial enrollment. 
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When baseline WGS data were available, MSIseq scores were calculated using the method de-

scribed by Huang et al26. In brief, we counted the number of INDELS per million bases occurring 

in homopolymers of ≥5 bases, or in dinucleotide, trinucleotide and tetranucleotide sequences 

of repeat count ≥4. We previously calculated MSIseq scores for a larger pan-tumor cohort of 

1860 samples. In this cohort, MSIseq scores ranged from 0.004 up to 98.63, with a long tail to-

wards lower scores (data not shown). To accurately set and validate the MSIseq score and cutoff 

for binary MSI classification, we then compared our MSIseq scores against standard, routinely 

used MSI assessments that were performed blindly by an independent ISO-accredited patholo-

gy laboratory (Erasmus MC, Rotterdam, the Netherlands) on a set of 48 tumors. The latter was 

done using a 5-marker polymerase chain reaction (PCR) panel (BAT25, BAT26, NR21, NR24 and 

MONO27 markers); a sample was considered MSI if ≥2 / 5 markers scored positive. The MSIseq 

score showed high correlation with the number of positive PCR markers (r=0.79), and all samples 

(except one, see discussion) with elevated MSIseq scores were also classified as MSI by patholo-

gy. Based on these data, we determined the optimal cutoff for MSIseq to be set at a score of 4.0 

(Supplementary Figure S1), with a resulting sensitivity of 100% (95% CI 82.6 - 100%), specificity of 

97% (95% CI 88.2 - 96.9%) and a Cohen’s kappa score of 0.954 (95% CI 0.696 - 0.954). Using this 

cutoff, 46 of the 1860 pan- cancer samples (2.5%) classified as MSI.

In addition to MSIseq scores, mutational load (ML) was calculated from the WGS data of every 

baseline biopsy. The ML was calculated as the sum of all somatic missense variants across the pro-

tein coding region of the tumor genome. Genome-wide mutational patterns were analyzed using 

the COSMIC mutational signatures (https://cancer.sanger.ac.uk/cosmic/signatures)27.

Statistical analyses

All statistical analyses were performed using R version 3.5.0 (http://www.R-project.org/). This tri-

al was not randomized, but to ensure objective cohort allocation, principle investigators were 

blinded to response rate until completion of the cohort. Patient characteristics, adverse events 

and tumor responses were summarized using descriptive statistics. A waterfall plot was used to 

illustrate maximum tumor shrinkage compared to baseline, and a swimmers plot to illustrate time 

on treatment (TOT). Kaplan-Meier methods were used to estimate time on treatment (censoring 

patients who did not finish treatment yet at the time of analysis), PFS (from start treatment to 

progression or death from any cause, whichever came first, and censoring patients alive without 

progression), and OS (calculated from the first day of treatment administration to the date of 

death from any cause, censoring patients who were alive at last follow-up). Associations between 

CB and COSMIC mutational signatures were explored using the Wilcoxon’s rank sum test. For 

other potential biomarkers, univariable logistic regression was used. For MSIseq score and ML, 

Pearson’s and Spearman’s correlation coefficients were calculated. 

Results

Accrual and patient characteristics

Accrual started in October 2016. Results presented below are current through 9th July 2018, when 

30 patients had been enrolled, including 25 patients who were evaluable for cohort decisions, and 
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five who were not. Reasons for study withdrawal before evaluability was reached included patient 

preference (n=1), symptomatic deterioration (n=2), and death (n=2): one patient died before start 

of treatment cycle two, and one patient had SD at first evaluation but died shortly thereafter due 

to a grade 5 abdominal infection (see toxicity below). Baseline characteristics of all 30 enrolled 

patients are provided in Table 1. 

Nivolumab efficacy and toxicity

Nine patients were enrolled in stage I; one patient was non-evaluable for cohort decisions and re-

placed. CB was observed in six patients (67%), including three patients with PR and three with SD 

≥16 weeks. The remaining two patients (22%) had PD at first response evaluation. The cohort was 

thereafter graduated to stage II, and accrual was halted once 24 evaluable patients were enrolled. 

While response confirmation for the 24th patient was awaited, one additional patient was allowed 

to enroll, given the high CB rate in stage I. 

Responses in stage I and II combined (30 patients in total) included eleven patients with PR (37%) 

and nine patients with SD ≥16 weeks (30%), adding up to an overall CB rate of 67% (Table 2). Five 

patients had PD (17%), and five went off-study before evaluability was reached (17%). Seventeen 

out of twenty patients (85%) had ongoing CB (i.e., meeting the criteria of CB and still on treat-

ment at the time of analysis). Of note, to confirm the clinical value of SD ≥16 weeks, in a post-hoc 

analysis we compared nivolumab-TOT with TOT for the patient’s previous line of systemic treat-

ment (TOT ratio). Among the nine patients with SD ≥16 weeks, median TOT ratio was 1.4 (IQR 

1.2 - 6.6). This included five patients with ongoing SD. In addition, 21 out of 24 patients (88%) 

with ≥1 target lesion measurement according to RECIST after baseline, had a reduction in sum 

of target lesions (Figure 1). For all 30 patients combined, estimated 12-months PFS and OS were 

53% (95% CI 34% - 83%) and 61% (95% CI 42% - 87%), respectively. 

Overall, nivolumab was well-tolerated and adverse events were largely in line with those report-

ed in literature (Supplementary Table S2). In one patient, grade 4 elevation of Gamma Glutamyl 

Transferase was reported, without clinical consequences. One patient developed a grade 5 ab-

dominal infection upon intestinal perforation due to shrinkage of a peritoneal tumor deposit. One 

patient experienced grade 5 dyspnea, possibly attributable to disease progression. 

Tumor characteristics and biomarker analyses

Twenty-three patients (77%) had sporadic MSI tumors, mostly by loss of MLH1/PMS2 expression 

(Table 3). The remaining seven patients (23%) were diagnosed with Lynch syndrome. The tumors 

of four Lynch-patients were confirmed MSI by MMR protein immunohistochemistry (IHC) and/or 

MSI PCR. For two Lynch-patients, there was insufficient tumor material for IHC or PCR assess-

ments.  The remaining Lynch-patient (with bi-allelic PMS2 mutations) had a tumor with PMS2 loss, 

that was classified as microsatellite stable (MSS) by IHC. There were no statistically significant 

differences in CB rate between patients with sporadic vs. Lynch syndrome-associated tumors 

(64% vs. 80%), between male vs. female patients (64% vs. 68%), or between primary tumor types 

or types of MMR protein / gene loss.
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Baseline WGS was successfully performed in twenty patients (67%): biopsies from nine patients 

(30%) could not be sequenced due to insufficient tumor cells, and for one patient (3%) a waiver 

for the baseline biopsy was granted. Within the twenty sequenced baseline biopsies, median 

MSIseq score was 38.5 (IQR 20.0 - 59.0) and median ML was 866 (IQR 614 - 1111). MSIseq scores 

and ML showed a positive linear correlation (Pearson’s r=0.29, Spearman’s ρ=0.77), but height of 

MSIseq score and ML did not correlate with nivolumab sensitivity in these 20 patients (Figure 2). 

Pre-enrolment MSI classification was confirmed by MSIseq score for all patients except one (case 

#15). This patient’s colorectal cancer was classified as MSI according to standard pathology 

(MLH1/PMS2 loss, MSI by PCR, BRAF p.Val600Glu and MLH1 promotor hypermetylation), but 

baseline WGS indicated low MSIseq score (0.53), low ML (76), and no sign of COSMIC mutational 

signature 6, all supportive of a MMR proficient metastatic lesion. Unfortunately, this patient’s 

response to nivolumab remains unknown, since the patient was taken off-study prematurely due 

to symptomatic deterioration.

Another biopsy had an exceptionally high ML (6137, case #22). This patient, diagnosed with 

glioblastoma multiforme in the context of Lynch syndrome (PMS2 bi-allelic germline mutation), 

was the only in whom the MSIseq score (MSI) did not match the pathology PCR result (MSS), 

whereas the patient’s tumor clearly showed loss of PMS2 expression. Despite these molecular 

characteristic (high ML and MSIseq score) the patient did not respond to nivolumab treatment. 

Baseline WGS indicated two missense variants in JAK1 (p.Gln437His) and JAK2 (p.Ala586Thr). 

Further investigation of JAK1/2, however, did not reveal JAK1/2 mutations in any of the other 

nivolumab-resistant tumors.

For nineteen baseline biopsies (case #7 did not meet the more stringent quality check for these 

analyses), COSMIC mutational signature-distribution was analyzed. As expected, signature 6 (as-

sociated with defective DNA mismatch repair in MSI tumors) was the strongest observed signa-

ture, followed by signature 1 (endogenous signature, age related),  signature 12 (etiology un-

known but liver cancer related), and signature 18 (etiology unknown but neuroblastoma, breast 

and stomach carcinoma related)(Table 3). Only signature 6 was significantly associated with clini-

cal benefit (median contribution in absolute number of mutations: 30,114 (IQR 23,997 – 37,107) 

in patients with CB, vs. 16.260 (IQR 6,745 - 18,091) in patients without CB, Wilcoxon’s rank sum 

test p=0.0099).

Discussion

In this cohort, nivolumab was tested across 30 patients with various tumor types using MSI as a 

tumor-agnostic entry criterion. Nivolumab was highly effective, with CB in twenty patients (67%), 

including eleven patients (37%) with an objective response. These findings confirm the previously 

reported 31% response rate for MSI colorectal cancer16 and are in line with the positive outcomes 

seen for other PD1-inhibitors in MSI tumors13. Similarly, at a median follow-up of seven months, 

median PFS was not yet reached, altogether pointing towards durable responses in a substantial 

proportion of patients.
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Responses were observed regardless of tumor type and other baseline characteristics. Never-

theless, 33% of patients did not have CB. To further explore potential determinants of (non) 

response, we performed a more detailed molecular characterization of the baseline biopsies. 

First, pre-enrollment MSI status was compared to a pan-tumor WGS-based MSIseq score, with 

matching results in all biopsies except one (case #15); presently we can only speculate on this 

discordance. 

Next, we explored whether height of MSIseq and ML scores correlated with nivolumab sensitivity. 

As expected, a strong correlation between MSIseq and ML scores was observed (Spearman’s 

ρ=0.77), but neither score correlated with BOR. Possibly, our sample size was too small to detect 

such correlations. Alternatively, it could be that the MSI-magnitude becomes less relevant as soon 

as a certain threshold value has been exceeded. Future analysis, using a larger set of patients, 

will be needed to clarify this hypothesis. Also, neo-antigens may differ in immunogenicity: MSIseq 

scores and ML are relative simple and straightforward summations of mutations. These approach-

es do not consider the neo-antigen’s structure and immunogenicity. Possibly, more complex in-

vestigations could help to refine patient selection for PD-1 inhibition28. Meanwhile, the added val-

ue of WGS (in which all microsatellites regions are analyzed, in contrast to the 5-9 microsatellites 

analyzed by standard PCR assays), is nicely illustrated by case #22 and by the discordant sample 

from our MSIseq validation experiment. For both patients, PCR indicated microsatellite stability, 

while there was proven absence of PMS2 expression. In fact, the discordant combination of PMS2 

loss by IHC and MSS by PCR has been described before and is a known issue for identification of 

PMS2-based MSI29. The MSIseq score correctly indicated MSI in both cases. Of note, similar to 

case #15, the PMS2-deficient tumors did not show COSMIC mutational signature 6, suggesting 

that underlying biology may differ from the more prevalent MLH1/PMS2 and MSH2/MSH6 defi-

cient tumors. In addition, signature 6 was the only signature that correlated with clinical benefit. 

Again, this needs to be confirmed in larger studies, but may point towards an added value of 

WGS over IHC and PCR-based MSI assessments.

We further explored JAK1/2 inactivating mutations, as these events have been suggested to 

result in (primary) resistance to check-point inhibitors30,31, but found no evidence for such associa-

tions. PDL1 amplification has been suggested as a positive predictive biomarker32, but this could 

not be confirmed in our cohort: only two baseline biopsies (case #10 and 17) harbored elevated 

copy-number levels of CD274 (encoding PDL1), both in combination with JAK2 variants. One of 

these patients did respond to nivolumab, but response for the other patient was not evaluable. 

Once more, our cohort might have been too small to detect such correlations. The same holds 

true for aberrations in JAK1/2 and CD274, as these events occur at a low frequency. 
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In addition to small sample size, non-randomization and absence of a comparator group are 

limitations to this study. These limitations are inherent to the nature of the DRUP trial, which is 

designed to detect signs of treatment sensitivity in specific cancer subsets. Nonetheless, to the 

best of our knowledge the observed CB rate is exceptional for all cancer types enrolled. Also, for 

pembrolizumab, pan-tumor type FDA approval was granted based on pooled results of relatively 

small and non-randomized trials only13,14. Despite their limitations, studies like these can thus con-

tribute significantly to the identification of clinical signs of activity. 

In conclusion, nivolumab led to durable CB in 67% of patients with advanced or metastatic MSI 

tumors, regardless of primary tumor origin. Based on our findings, we suggest confirmation in a 

larger cohort, and encourage the use of MSI as a tumor-agnostic biomarker for nivolumab treat-

ment.
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n, total = 30 (% out of 30, or IQR)

Gender
Male
Female

11
19

(37%)
(63%)

Age (approximately at consent)
Median (IQR) 67 (53 - 72)

WHO Performance Status
WHO 0
WHO 1
WHO 2
Not available

8
19
2
1

(27%)
(63%)
(7%)
(3%)

Previous systemic therapy
Median number of therapy lines (IQR)
Standard treatment not exhausted
· Patient refusal or preference
· Physician preference

2
9
6
3

(1 - 3)
(30%)

Primary tumor types
Colorectal cancer
Endometrial cancer
Breast cancer
Prostate cancer
Urothelial cell carcinoma
Cervical cancer
Duodenal cancer
Glioblastoma multiforme

18
3
2
2
2
1
1
1

(60%)
(10%)
(7%)
(7%) 
(7%)
(3%)
(3%)
(3%)

Pre-enrollment MSI characteristics
Somatic MLH1 and/or PMS2 loss
Somatic MSH2 and/or MSH6 loss
Somatic MSS (PCR based only)
Lynch syndrome (MSH2 mutation)
Lynch syndrome (MSH6 mutation)
Lynch syndrome (PMS2 mutation)

19
2
2
3
2
2

(63%)
(7%)
(7%)
(10%)
(7%)
(7%)

Baseline biopsies
WGS successful:
· Median MSIseq score (IQR)
· Median ML (IQR)
≤30% tumor cells in biopsy
Waiver for biopsy granted

20
38.5
866
9
1

(67%)
(19.9 - 59.0)
(614 - 1,111)
(30%)
(3%)

Table 1 Baseline

Table 1 Baseline characteristics of the 30 patients who were treated with nivolumab. MSIseq score refers to the number of 
somatic inserts and deletes in (short) repeat sections across the whole tumor genome; tumors with a score of >4.0 are consid-
ered MSI. Abbreviations IQR = interquartile range, ML = mutational load, MSI = microsatellite instable, MSS = microsatellite 
stable, PCR = polymerase chain reaction, WGS = Whole Genome Sequencing, WHO = World Health Organization.

Tables and figures
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n (%) In total, 
over 30 
patients

Clinical benefit PR (confirmed)
Currently ongoing

11
11 

(36.7%)

66.7%
SD ≥16 weeks (confirmed)
Currently ongoing

9
6 

(30.0%)

No clinical benefit PD <16 weeks / non-confirmed non-PD 5 (16.7%) 16.7%

Not evaluable Early study withdrawal for other reasons than PD 5 (16.7%) 16.7%

Table 2 Efficacy

Table 2 Clinical benefit and response rate in 30 patients who were treated with nivolumab. Clinical benefit was defined as CR, 
PR, or SD ≥16 weeks, and measured ≥2x and ≥28 days apart (i.e., confirmed). At data cutoff (July 3rd, 2018), twenty patients 
had clinical benefit, including 17 patients with ongoing clinical benefit. Median clinical benefit duration was not yet reached 
(95% CI not yet reached – not yet reached). Reasons for non-evaluability included study withdrawal due to patient prefer-
ence (n=1), symptomatic deterioration (n=2), and death due to other reasons then PD (n=2). Abbreviations CR = complete 
response, PD = progressive disease, PR = partial response, SD = stable disease.
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# Tumor type

Pre-enrollment Baseline WGS

CB?
Somatic/
Lynch

MSI profile MSI
seq

ML JAK1/2 
mutations

CD274* COSMIC 
signature

1 CRC Somatic MLH1/PMS2 
loss

- NE

2 CRC Somatic MLH1/PMS2 
loss, 
MLH1-
methylation

76.9 1589 3x 6+, 9, 15, 
12, 17

PR

3 UCC Lynch MSH2mut, 
MSH2 loss, MSI

35.2 973 3x 1+, 6+ PR

4 CRC Somatic MLH1/PMS2 
loss

- PD

5 Cervix Lynch MSH2mut, 
MSH2/MSH6 
loss

23.1 776 2x 6+, 1+, 14, 
12

PR

6 CRC Somatic MLH1/PMS2 
loss, 
MLH1-
methylation

66.7 1301 2x 12+, 6+, 
9, 20

PR

7 CRC Somatic MLH1/PMS2 
loss, 
MLH1-
methylation

17.1 638 2x PR

8 CRC Somatic MLH1/PMS2 
loss

- NE

9 CRC Somatic MLH1/PMS2 
loss, MSI, 
MLH1-
methylation

- SD

10 Breast Somatic MLH1/PMS2 
loss, 
MLH1 not 
methylated

20.9 287 JAK2 
p.Tyr20Asn

8x 6+, 12, 9, 1 PR

11 CRC Somatic MLH1/PMS2 
loss, 
MLH1-
methylation

65.9 1036 JAK1 
p.Ala639Val

2x 12+, 6+, 9 SD

Table 3 Tumor and biomarker details per patient
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Table 3 Continued

12 CRC Somatic MLH1/PMS2 
loss

10.6 346 2x 6+, 12 SD

13 CRC Somatic MLH1/PMS2 
loss, 
MLH1-
methylation

58.6 912 JAK1 
p.Lys860fs

2x 6+, 12, 21, 9 PR

14 Breast Somatic MLH1/PMS2 
loss, 
MLH1 not 
methylated

- PR

15 CRC Somatic MLH1/PMS2 
loss, MSI, BRAF 
p.Val600Glu, 
MLH1-
methylation

0.5 73 2x 1+, 8, 17, 
18, 11

NE

16 CRC Lynch MSH2mut - SD

17 Endometrium Somatic MLH1/PMS2 
loss, 
MLH1-
methylation

37.7 798 JAK2 
p.Lys1055Glu 
JAK2 
c.3291+8delT

4x 12+, 26+, 6 NE

18 Endometrium Somatic MLH1/PMS2 
loss, 
MLH1-
methylation

- SD

19 CRC Somatic MSI, MLH1 not 
methylated

- PR

20 CRC Lynch PMS2mut, 
MLH1/PMS2 
loss, MSI, 
MLH1 not 
methylated

57.7 1048 2x 6+, 15, 1, 9 SD

21 CRC Somatic MLH1/PMS2 
loss, 
MLH1-
methylation

85.8 1558 JAK1 
p.Lys860fs

2x 6+, 12+, 
15, 9

SD

# Tumor type

Pre-enrollment Baseline WGS

CB?
Somatic/
Lynch

MSI profile MSI
seq

ML JAK1/2 
mutations

CD274* COSMIC 
signature
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22 GBM Lynch PMS2mut, 
PMS2 loss, 
MSS

42.4 6137 JAK1 
p.Gln437His 
JAK2 
p.Ala586Thr

2x 14+, 1+, 15 PD

23 Duodenum Somatic MSH6 loss, MSI 35.6 1425 JAK2 
p.Arg158Gln

2x 6+, 1, 12, 9 PR

24 CRC Somatic MLH1/PMS2 
loss, 
BRAF 
p.Val600Glu

46.0 1048 JAK2 
c.3291+8delT

2x 6, 14, 12 PR

25 UCC Lynch MSH6mut, 
MSH6 loss

7.2 637 2x 1+, 6+ PD

26 Prostate Lynch MSH6mut - SD

27 Prostate Somatic MSI 12.0 543 3x 1+, 6+, 12 PD

28 CRC Somatic MLH1/PMS2 
loss

60.4 820 2x PD

29 CRC Somatic MSH2/MSH6 
loss

- SD

30 Endometrium Somatic MLH1/PMS2 
loss

39.3 387 JAK1 
p.Pro430fs 
JAK1 
c.2115+1G>A

2x 6+, 12+ NE

Table 3 Histologic tumor type, biomarker characteristics, and clinical benefit classification per patient. Legend: # = case num-
ber. - = no baseline WGS data available. *CD274 = copy number gain. + = >20% prevalence of COSMIC mutational signature 
(signatures are only mentioned in case of >10% prevalence: https://cancer.sanger.ac.uk/cosmic/signatures). Abbreviations 
CB = clinical benefit, CRC = colorectal cancer, CR = complete remission, ML = mutational load, MSIseq = microsatellite 
instability score, NE = not evaluable, PD = progressive disease, PR = partial remission, UCC = urothelial cell carcinoma, WGS 
= whole genome sequencing. 

# Tumor type

Pre-enrollment Baseline WGS

CB?
Somatic/
Lynch

MSI profile MSI
seq

ML JAK1/2 
mutations

CD274* COSMIC 
signature

Table 3 Continued
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Figure 1 Treatment efficacy
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1A. Tumor responses

1C. Progression free survival 1D. Overall survival

1B. Time on treatment

Figure 1A Waterfall plot of the percentage change from baseline to minimum sum of target lesions according to RECIST, for 
all patients with ≥1 response evaluation and with known change in sum of target lesions (n =24). Patients with unequivocal 
disease progression at first evaluation based on non-target lesions or non-RECIST measurements only (n=1), and patients 
who went off-study before response could be evaluated (n=5), are not included in this graph. Figure 1B Swimmers plot of the 
time on treatment (in weeks) for each patient (n=30). Patients marked with an arrow, were on-treatment at the time of writing. 
Figure 1C Kaplan–Meier curve for estimated progression free survival with 95% confidence interval (dashed lines). Figure 1D 
Kaplan–Meier curve for estimated overall survival with 95% confidence interval (dashed lines).
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Figure 2 MSIseq score, mutational load and clinical benefit for all patients with successful pre-treatment WGS (n=20). Dotted 
line on X-axis displays cutoff for MSI (>4.0). * Displays an outlier (case #22); actual ML was 6,137. All patients displayed in blue 
with black accentuation had an objective tumor response (confirmed PR); patients displayed in blue without black accentua-
tion had confirmed SD ≥16 weeks. Colorectal cancer was the most prevalent tumor type, but no association between tumor 
type and clinical benefit was observed (p = 0.4). Abbreviations ML = mutational load, MSI = microsatellite instable, WGS = 
whole genome sequencing.

Figure 2 Biomarker analysis
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Supplementary Figure S1 Sequencing-based microsatellite instability scores

Supplementary Figure S1 MSIseq scores of a set of 48 tumor that were analyzed by WGS, and by standard pathology PCR 
assay. Samples are sorted according to their MSIseq score, and colored by the number of positive PCR markers (out of five 
tested in total): dark red = 5 positive markers (MSI); bright red = 4 positive markers (MSI); orange = 2 positive markers (MSI, 
but uncertain); green = 1 positive marker (MSS); blue = no positive markers (MSS). The dashed line indicates the MSIseq cutoff 
value of 4.0. Abbreviations MSI = microsatellite instable, MSS = microsatellite stable, PCR = Polymerase Chain Reaction, 
WGS = whole genome sequencing.
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A. Adverse event Grade 3 Grade 4 Grade 5

Abdominal infection 1

Abscess 1

Adrenal insufficiency 1

Alkaline phosphatase 1

Anal fistula 1

Anemia 1

Aspartate aminotransferase 1

Atrioventricular block 1

Dyspnea 1

Fatigue 2

Fever 1

Gastric hemorrhage 1

Gamma glutamyl transferase 2 1

Hypertension 3

Hypoalbuminemia 1

Hypotension 1

Nausea 3

Serum amylase 1

Urinary tract obstruction 1

Vomiting 1

B. Any adverse event Grade ≥3 Grade ≥4 Grade ≥5

n
% (95% CI)

14
46.7% (28.3 – 65.7%)

2
6.7% (0.8% - 22.1%)

2
6.7% (0.8% - 22.1%)

Supplementary Table S2 Adverse events

Supplementary Table S2 all reported grade ≥3 adverse events, that were or could possibly be attributed to nivolumab treat-
ment. In part A, per adverse event, the number of patients is displayed in whom it was reported at grade 3, 4 or 5 as highest 
grade. In part B, the number of patients who had any grade ≥3, ≥4 or ≥5 as highest grade AE is displayed. The denominator 
of the percentages is the total number of patients who started study treatment (n=30). Given that every patient could be 
counted only once per column in part B, the numbers in part B are not a summation of the numbers in part A. Legend  = 
increase, grade = according to Common Terminology Criteria for Adverse Events (CTCAE) version 4.03.
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Abstract

Background 

Due to rapid technical advances, steeply declining sequencing costs, and the ever-increasing 

number of targeted therapies, it can be expected that extensive tumor sequencing such as 

Whole Exome- and -Genome Sequencing will soon be applied in standard care. Clinicians will 

thus be confronted with increasingly complex genetic information and multiple test-platforms 

to choose from. General medical training, meanwhile, can hardly keep up with the pace of inno-

vation. Consequently, there is a rapidly growing gap between clinical knowledge and genetic 

potential in cancer care. Multidisciplinary Molecular Tumor Boards (MTBs) have been suggested 

as a means to address this disparity, but shared experiences are scarce in literature and no qual-

ity requirements or guidelines have been published to date. 

Methods 

Based on literature review, a survey amongst hospitals in the Netherlands, and our own experi-

ence with the establishment of a nationally operating MTB, this paper evaluates current knowl-

edge and unmet needs, and lays out a strategy for successful MTB implementation.

Results 

Having access to an MTB can improve and increase the application of genetics-guided cancer 

care. In our survey, however, less than 50% of hospitals and only 5% of non-academic hospitals 

had access to an MTB. In addition, current MTBs vary widely in terms of composition, tasks, 

tools and workflow. This may not only lead to variation in quality of care, but also hinders data 

sharing and thus creation of an effective learning community.

 

Conclusions 

This paper acknowledges a leading role for MTBs to govern (extensive) tumor sequencing into 

daily practice, and proposes three basic necessities for successful MTB implementation: (i) 

global harmonization in cancer sequencing practices and procedures, (ii) minimal member- and 

operational requirements, and (iii) an appropriate unsolicited findings policy. Meeting these 

prerequisites would not only optimize MTB functioning, but also improve general interpretation 

and application of genomics-guided cancer care.

Key message

With genetic tumor sequencing quickly finding its way into cancer care, Molecular Tumor Boards 

are increasingly important to ensure adequate delivery of genetics-guided cancer care. MTB 

standards, guidelines or quality requirements, however,  are absent. Standardization would not 

only prevent variation in quality of care, but would also help to move the emerging field of 

tumor sequencing forward.

Part IV
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Introduction

Over the past decades we have seen impressive improvements in cancer treatment outcomes 

through combined use of genetic tumor testing and genetically-matched targeted therapies1. 

Prime examples of this approach include imatinib for KIT mutated GIST2, vemurafenib for BRAF 

V600 mutated melanoma 3, trastuzumab for HER2 amplified breast- and gastric cancer 4, 5, crizo-

tinib for ALK activated-and gefitinib, erlotinib and afatinib for EGFR mutated lung cancers6, 7. 

Meanwhile, the number of targeted therapies is continuously expanding and genetic tumor pro-

filing is becoming more accurate and affordable8: commercial single-gene sequencing tests can 

now be bought for as little as $999, and the price of whole genome sequencing (up to 30-fold 

coverage) has dropped from many millions in 2001 to several thousand dollars in 201510. 

With continuously expanding possibilities for genetics-guided therapy on one hand, and pro-

gressive insight in the complexity of such therapy on the other, it has been suggested to bring 

the required expertise together in Molecular Tumor Boards (MTBs) to ensure optimal care in an 

increasingly complex biomarker landscape11-14. In line with the longstanding practice of multi-

disciplinary organ-specific tumor boards, MTBs may serve as a venue for continued education 

in-, facilitate interpretation and implementation of-, and ensure adequate delivery of genetics 

guided cancer care11, 13. Still, MTBs are a relatively new phenomenon and shared experiences are 

scarce in literature. No quality requirements or guidelines have been published to date. Based 

on literature review, a survey amongst hospitals in the Netherlands and our own experience 

with the establishment of a nationally operating MTB, we hereby provide a critical appraisal 

of current practice and present the author’s joint view on what is needed for successful MTB 

implementation.

Molecular Tumor Boards: 
why do we need them and what is holding us back?

Molecular Tumor Boards are critical to close the growing gap between clinical practice and 

technologic potential in cancer care

Currently, the number of somatic tumor mutations used for standard treatment decisions is still 

quite limited and can easily be assessed via platforms capturing only these mutations (i.e., fixed 

or targeted gene panels). Gene panels do have their advantages such as high coverage, short 

turnaround time, relatively low costs and operational requirements, and no need for fresh frozen 

tissue or simultaneous germline testing. Such panels, however, can only assess variants with 

known clinical relevance and are not easily adapted when new  biological or genetic insights 

emerge, since re-validation of the assay is required upon every change in test-content (addition 

of a new gene, for example). Meanwhile, the demand for genetic testing will expand proportion-

ally to the rapidly expanding genetic knowledge and related drug development. Large-scale 

sequencing platforms, such as whole genome- and -exome sequencing (WGS and WES, resp.), 

are already frequently used for research purposes, such as revealing prognostic or predictive 

profiles or screening patients for early clinical trials. It is expected that in the near future WES 

and WGS will be applied in standard care. Clinicians will thus be confronted with increasingly 
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complex genetic information and more and more platforms to choose from: although large-

scale sequencing is most informative in most cases, targeted in-depth sequencing may be pre-

ferred in others (to detect low-frequency resistance clones, for example, such as EGFR T790M 

and C797S mutations in NSCLC15). 

The abundance of genetic tests and -information provides a serious challenge, since most cli-

nicians receive only limited training in genetics13: in a recent survey amongst physicians in a 

tertiary cancer center, 22% reported low confidence in their genetic knowledge and 18% antic-

ipated testing their patients infrequently16. Limited knowledge may be one of the reasons for 

current genetic ‘under-testing’: several years after the approval of crizotinib and EGFR inhibi-

tors, for example, around 50% of NSCLS patients in the Netherlands were tested for ALK rear-

rangements and approximately 70% for EGFR mutations. After ALK-testing had been taken up 

in NSCLC guidelines, it took another two years to increase ALK-testing-coverage to 80% (S.M. 

Willems, personal communication). And although testing for HER2 status is now routinely per-

formed for breast cancer in the USA and Western Europe, this is not the case for gastric cancer 
17, nor for HER2 testing nor HER2 directed treatment in Eastern Europe18. Furthermore, most 

pathology and sequencing reports only report aberrations with direct and well-known treat-

ment consequences for the tumor type in question. Genetic aberrations for which experimental 

agents and / or drug access programs are available may thus be overlooked. Given the interest 

of patients in alternative treatment opportunities this is not an ideal situation. 

Common definitions and quality requirements for Molecular Tumor Boards are currently 

absent

MTBs are thus (increasingly) important, but what defines an MTB? To answer this question and 

to explore current practice, we performed a literature review (Supplementary Table S1) and 

carried out a survey amongst Dutch hospitals (Supplementary Table S2). The survey was send 

out to all Center for Personalized Cancer Treatment (CPCT)-affiliated hospitals (n = 39)19; within 

this network (now including all major oncology centers in the Netherlands), WGS is offered to 

metastatic cancer patients before start of systemic treatment. A centralized MTB is available for 

interpretation and/or translation of the sequencing results into treatment recommendations. 

Hospitals with an MTB (other than the CPCT MTB) were inquired about (i) the MTB’s compo-

sition, workflow and -tools, (ii) impact of the MTB on clinical decision-making and (iii) encoun-

tered challenges and additional remarks. Out of 22 (56%) respondents, 9 (41%) reported having 

≥1 MTB in place. 

Based on the results of our review, survey and interview, we found that at present the term MTB 

may refer to a wide variety of multidisciplinary group meetings: all are oriented to molecular 

tumor profiling and its relevance to treatment decisions, but attendance (for example) may 

range from six up to forty members per meeting 13, 20, with two up to ten different specialties 

involved13, 21. Clinicians (mostly medical oncologists) and pathologists form the core of virtually 

every MTB and geneticists, medical biologists and bio-informaticians take part in most MTBs, 

but other than that, composition varies widely. Altogether we did not find two MTBs with the 

exact same composition, not within literature, nor in our survey. In addition, different MTBs 
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have different tasks, discuss different tests, and use different tools: while most MTBs deliberate 

on clinical implications of tumor profiling results, others may deliberate on whether a patient’s 

tumor should be tested in the first place, and, if so, on which platform12. Tumor profiling may 

include small panels of known genetic variants21, larger panels covering hundreds of genes22, 

or WGS or WES20, 23-27. To interpret the profiling results, multiple cancer genome databases 

are currently available (such as canSAR, cBioPortal, My Cancer Genome, COSMIC (Catalogue 

Of Somatic Mutations in Cancer), ICGC (International Cancer Genome Consortium) and TCGA 

(The Cancer Genome Atlas)), and various institutes host their own online variant interpretation 

tools (such as www.mycancergenome.org (Vanderbilt-Ingram Cancer Center), pct.mdanderson.

org (MDAnderson Cancer Center), http://oncokb.org (Memorial Sloan Kettering Cancer Center),  

civic.genome.wustl.edu (MacDonnell Genome Institute) and www.cancergenomeinterpreter.

org (Global Alliance for Genomics & Health)). To translate genomic profiles into therapeutic 

recommendations, however, searches across several databases are generally required because 

individually none of these repositories seems to have sufficient utility22. All in all, MTBs are 

expected to become highly important, but standards, guidelines or quality requirements are 

currently absent.

Facilitating broad Molecular Tumor Board access is a critical step forward

According to literature and our survey, MTBs are generally able to provide therapeutic recom-

mendations (either standard-of-care or experimental) for the majority of patients11, 21, 22, 28. Some 

reports state that patients receiving targeted therapy following MTB recommendations had 

superior outcomes compared to patients not receiving such therapy, including longer overall 

survival (hazard ratio 0.56, p=0.002)29, longer progression free survival (86 days vs. 49 days, p = 

0.005)30, and a trend towards longer time-on-treatment (7.6 months vs. 4.2 months, p = 0.07)31. 

Although these studies are biased towards the fittest patients and not controlled for outcomes 

without MTB involvement, these observations do suggest that MTBs can help to inform treat-

ment decisions. Other reported advantages include increased referral for genetic counseling28, 

32, recognition of significant germline mutations25, and continued education of attendees28. 

MTBs improve clinician’s understanding of assay strengths, limitations and results31, increase 

oncologists’ confidence in and efficiency of utilizing molecular diagnostics13, 28, and serve as 

a forum to disseminate information on laboratory updates, analysis software, and challenges 

in genetic data interpretation and utilization28. One of the most common reported obstacles, 

meanwhile, is limited drug access11-13. MTBs may help to improve access, not only by keeping 

track of relevant clinical trials, but also by registering MTB recommendation-outcomes (i.e., did 

patients have access to the recommended therapy, did they benefit?)14. 

Altogether, having access to MTBs likely improves and increases the application of genet-

ics-guided cancer care. In our survey, however, overall less than 50% of hospitals and only 5% 

of non-academic hospitals had access to an MTB. Multiple hospitals stated that they would like 

to participate in an MTB, but that logistic hurdles (such as inconvenient meeting hours, limited 

manpower and volume locally, and travel distance to in-person meetings) were currently refrain-

ing them from doing so. Facilitating broad MTB-access, for academic as well as non-academic 

hospitals, will thus be a challenging but critical step forwards. 
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What is needed for optimal Molecular Tumor Board functioning?

Given their importance and the current absence of guidelines and quality criteria, we hereby 

propose three basic necessities for successful MTB implementation: (i) global harmonization 

in cancer sequencing practices and procedures, (ii) minimal member- and operational require-

ments, and (iii) an appropriate unsolicited findings policy. Our recommendations are summa-

rized in Table 1.

I) Global harmonization in cancer sequencing practices and procedures

Commonly reported challenges to MTB implementation include lack of standard tumor profiling 

tests13, 22, lack of standard criteria to define actionability14, 32, and identification of potentially 

pathogenic but unverified mutations (so called variants of unknown significance22). These find-

ings are underscored by two recent papers by the Global Alliance for Genomics and Health 

(GA4GH), both emphasizing the presently siloed nature of genomic datasets and stressing the 

need for a globally harmonized, more effective data sharing culture: Vis et al. carried out a 

survey on global practices for sequencing cancer samples and found wide variation in pro-

cedures, with bioinformatics pipelines employing different mutation calling/variant annotation 

algorithms27. Siu et al. reviewed key molecular profiling and big data initiatives in cancer care, 

including current data-sharing challenges and potential solutions 33. When implemented, these 

initiatives would greatly facilitate interpretation of cancer genomics and (thus) optimal MTB 

functioning. 

II) Minimal member- and operational requirements

Appropriate implementation and interpretation of complex, large-scale sequencing data such 

as WGS and WES requires expertise from clinical, pathological, biological, genetical and tech-

nical perspective. We therefore propose the following minimal-member-requirements for any 

MTB that discusses large-scale sequencing results: (i) clinicians, representing all relevant spe-

cialisms, such as oncologists, pulmonologists, hematologists, etc., (ii) (molecular) pathologists, 

(iii) clinical (molecular) biologists, (iv) geneticists, especially when germline testing (critical to 

WES and WGS interpretation) is included, and (v) bio-informaticians, especially when a bio-in-

formatic gold-standard is currently absent (such as mutational load calculations). In our point 

of view, an MTB that does not include these five fields of expertise cannot guarantee ade-

quate interpretation of WES and WGS data. However, MTB tiers or sub-commissions may be 

considered14, depending on the MTB-aim and focus: geneticists and bio-informaticians may 

not be required for interpretation of variants identified by standardized tests (tier I), whereas 

interpretation of germline variants, variants of unknown significance and discussion of highly 

experimental treatment options (tier II) does require their expertise. Such organization may 

increase the MTB’s efficiency and hence its clinical appreciation. We also recommend proven 

experience, including additional training (i.e., not included in the regular curriculum) in genetics 

and sequencing techniques for involved clinicians, and in oncology for involved pathologists, 
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biologists and geneticists. Such training may very well be organized within or parallel to the 

MTB. Some medical (preferably oncology) background is a pre for bio-informaticians too. In line 

with multidisciplinary organ-specific tumor boards34, presence of the treating physician (or a 

delegated person) is advisable to ensure patient-centered decision making. 

In addition, increasingly sophisticated knowledge libraries and bio-informatic technologies will 

be needed13. MTBs should thus have access to and experience with available cancer genome 

databases, and specify which knowledgebases and annotation tools were used to come to 

treatment advice. Other operational requirements such as videoconferencing facilities (if neces-

sary) and reporting and feedback systems may easily be overlooked but are equally important 

when organizing an MTB. Whereas organ-specific, clinically oriented multidisciplinary tumor 

boards can generally use (electronic) health records for recording and reporting of their recom-

mendations, MTBs may not have health record-access (for example because access is denied to 

non-clinicians, or because MTBs are shared between multiple hospitals). It is therefore recom-

mended that MTBs organize a dedicated reporting system that can be uploaded in the patients’ 

health record. Similarly, consideration should be given to which casuistry will (not) be discussed: 

which sample quality measures must be met (minimal tumor cell percentage, DNA yield?), which 

aberrations are self-evident (BRAF V600 mutations in melanoma?) and which aberrations are 

not (other BRAF mutations, and BRAF mutations in other tumor types?). Also, whether or not 

MTB recommendations were followed is generally not recorded, nor are outcomes of MTB rec-

ommendations. Systematically registering these outcomes will give feedback on the quality of 

recommendations and may help to identify signs of activity in certain patients, while quantifying 

the lack of drug access for others. Categorized and clinician-assessed outcomes (for example, 

‘(i) advice not implemented due to limited drug access, (ii) advice implemented but not consid-

ered beneficial, (iii) advice implemented and clinical benefit observed,’ etc.) may be considered, 

especially when formal outcome assessments are confidential (i.e. in the context of clinical trials).

III) Unsolicited findings policy

Large-scale tumor DNA sequencing generally requires germline DNA sequencing as a refer-

ence to properly identify somatic mutations. Germline mutations may thus be encountered that 

are associated with increased susceptibility to hereditary diseases. Such findings, commonly 

referred to as unsolicited findings, may have immediate impact not only on the individual patient 

but also on his or her relatives. Although unsolicited findings are relatively rare (generally <1%, 

depending on the definition and genetic test used)35, 36, the overall incidence is expected to 

be substantial when large-scale sequencing is incorporated into routine clinical practice37, 38. In 

the absence of a widely accepted standard on how to handle and return unsolicited findings, 

it is advised that MTBs pre-define how sequencing results will be handled (i.e., which unsolic-

ited findings will be reported, who discloses the information to patients and relatives, and do 

patients receive all information by default or is there a structured informed consent that allows 

them to choose what type of information they wish to receive?)39, 40.
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Conclusion 

The quality of molecularly targeted treatment depends largely on the insights and knowledge 

of specifically trained individuals. Since the opportunities for (and, consequently, complexity of) 

genetic tumor testing and genetically-guided  treatment are continuously expanding, patients 

rightfully expect that treatment opportunities are recognized and discussed14. MTBs can help 

to translate increasingly complex genetic information into patient-centered clinical decisions, 

thereby shepherding precision oncology into daily practice. The installation and organization of 

an MTB is critical to this extent, but standards, guidelines or quality requirements are currently 

absent. This paper evaluates current knowledge and needs, and provides recommendations 

that may serve as a roadmap for successful MTB implementation.
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1. Global harmonization in cancer sequencing practices and procedures
In comparison to germline genetic testing, somatic testing is relatively new and less evolved. Because of the current 
variation in cancer sequencing practices and procedures, we recommend specification of the knowledge bases, 
bioinformatics pipelines and mutation calling/variant annotation algorithms that were used. 

2. Minimal member- and operational requirements
For an MTB that discusses large-scale sequencing results, such as WES and WGS, we propose the following 
minimal-member-requirements: 

a. Clinicians, representing all potentially relevant medical specialisms
b. (Molecular) pathologists
c. Clinical (molecular) biologists
d. Geneticists, especially when germ line testing is included
e. Bio-informaticians

Several years of experience in and affinity with molecularly targeted cancer treatment is recommended. In addition, 
consideration should be given to operational requirements and logistic arrangements such as reporting and 
feedback systems, access to and experience with knowledge libraries, and choice of bio-informatics and annotation 
tools.

3. Appropriate unsolicited findings policy
In the absence of clear legislation on how to handle and return unsolicited findings, it is advised that MTBs pre-
define how sequencing results will be handled if germ line testing is included (i.e., which unsolicited findings could 
be reported, who discloses the information to patients and relatives, and are patients informed by default or can 
they opt -in or -out?).

Table 1 Recommendations to optimize Molecular Tumor Board functioning

Tables
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Supplementary Table S1 Literature search (conducted on February the 17th, 2017)

PubMed (104 articles) ((tumor board* [tiab] OR tumour board* [tiab] OR advisory board* [tiab] OR expert board* [tiab] 
OR Multidisciplinary board* [tiab]) AND (molecular [tiab] OR genetic [tiab] OR sequencing [tiab] 
OR genomic [tiab]))

Embase (120 articles) ((tumor adj3 board*)  OR (tumour adj3 board*)  OR (advisory adj3 board*)  OR (expert adj3 
board*)  OR (Multidisciplinary adj3 board*)) adj3 (molecular  OR genetic  OR sequencing  OR 
genomic).ti,ab.

Article selection -  224 unique articles retrieved. Selection criteria:
 a. Describes MTB implementation, composition, workflow and/or outcomes
 b. The MTB is uniquely oriented to molecular or enetic tumor profiling
 c. Language is English or Dutch
- 54 articles selected for data extraction

Extracted data - Patient population
- Paper or study objective
- Number of evaluable patients
- Used genetic tests
- Outcomes of MTB implementation
- Unsolicited findings policy and outcomes
- MTB frequency
- MTB chair
- MTB members
- MTB tasks
- MTB number of cases per session
- MTB challenges
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Number of hospitals Total Academic* STZ** Community

n n % of 
total

n % of total n % of total

Approached 39 9 23% 20 51% 10 26%

Responded 22 8 36% 11 50% 3 14%

% of approached 56% 89% 55% 30%

With ≥1 MTB*** 9 8 89% 1 11% 0 0%

% of responded 41% 100% 5% 0%

n of MTBs 
with

% out of 
9 with

Represented specialties Bio-informatician or technician 
Clinical geneticist 
Clinicians (oncologists, pulmonologists, 
hematologists etc.) 
(Molecular) biologists 
(Molecular) pathologists 
Pharmacist 
Phase I study team

2 
5 

8 
7 
9 
1 
1 

22%
56%

89%
78%
100%
11%
11%

Participants per meeting Generally <10 
Generally ≥10 
Not specified

4 
3 
2 

44%
33%
22%

Focus of the MTB Multiple MTBs, organized per tumor type 
No specific focus 
NSCLC 
Phase I studies

1 
4 
3 
1 

11%
44%
33%
11%

Meeting frequency 1x per week 
1x per two weeks 
1x per month

3 
5 
1 

33%
56%
11%

Cases per meeting Generally ≤5 
Generally ≤10 
Generally >10 
Not specified

5 
1 
1 
2 

56%
11%
11%
22%

Supplementary Table S2 Survey amongst all Dutch hospitals participating in the CPCT 

network (39 at the time of the survey)
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Discussed tests Circulating tumor DNA 
Chromogenic in situ hybridization (CISH) 
Fluorescence in situ hybridization (FISH) 
Immunohistochemistry (IHC) 
Next Generation Sequencing (NGS) gene panels 
Sequence analyses 
Single-nucleotide polymorphism (SNP) analyses 
Whole Genome Sequencing (WGS)
Not specified 

2 
1 
3
3 
8 
2 
1 
1 
1 

22%
11%
33%
33%
89%
22%
11%
11%
11%

Tools and databases Alamut Visual 
Cartagenia Bench 
Catalogue Of Somatic Mutations in Cancer (COSMIC) 
Center for Personalized Cancer Treatment (CPCT)
Geneticist Assistant 
International Cancer Genome Consortium (ICGC) 
MyCancerGenome.org 
The Cancer Genome Atlas (TCGA) 
Various other tools and databases
Not (further) specified

1 
2 
2 
1 
1 
1 
3 
1 
3 
7 

11%
22%
22%
11%
11%§
11%
33%
11%
33%
78%

Unsolicited findings Policy depends on clinical significance of findings 
Rarely encountered with current genetic tests 
Not specified

2 
4 
3 

22%
44%
33%

Results Do impact clinical decision making 
Are reported in the (electronic) patient file 
Are reported via meeting minutes 
Reporting not standardized / specified

9 
2 
1 
6 

100%
22%
11%
67%

Challenges and remarks, 
reported by hospitals 
with an MTB

Difficulties in reporting due to lack of a standardized report-
ing system 

2 22%

Limited access to drugs targeting the detected aberrations 1 11%

Limited facilities (such as restricted access to computers, 
patient files, etc.) 

2 22%

No clear overview of available clinical trials within the region 3 33%

Uncertainty on how to handle incidental findings 1 11%

The need for and benefits of cross-discipline education (i.e., 
between clinical- and lab based specialties) was reported by 
multiple interviewees 

3 33%

Supplementary Table S2 Continued
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Discussed tests Circulating tumor DNA 
Chromogenic in situ hybridization (CISH) 
Fluorescence in situ hybridization (FISH) 
Immunohistochemistry (IHC) 
Next Generation Sequencing (NGS) gene panels 
Sequence analyses 
Single-nucleotide polymorphism (SNP) analyses 
Whole Genome Sequencing (WGS)
Not specified 

2 
1 
3
3 
8 
2 
1 
1 
1 

22%
11%
33%
33%
89%
22%
11%
11%
11%

Tools and databases Alamut Visual 
Cartagenia Bench 
Catalogue Of Somatic Mutations in Cancer (COSMIC) 
Center for Personalized Cancer Treatment (CPCT)
Geneticist Assistant 
International Cancer Genome Consortium (ICGC) 
MyCancerGenome.org 
The Cancer Genome Atlas (TCGA) 
Various other tools and databases
Not (further) specified

1 
2 
2 
1 
1 
1 
3 
1 
3 
7 

11%
22%
22%
11%
11%§
11%
33%
11%
33%
78%

Unsolicited findings Policy depends on clinical significance of findings 
Rarely encountered with current genetic tests 
Not specified

2 
4 
3 

22%
44%
33%

Results Do impact clinical decision making 
Are reported in the (electronic) patient file 
Are reported via meeting minutes 
Reporting not standardized / specified

9 
2 
1 
6 

100%
22%
11%
67%

Challenges and remarks, 
reported by hospitals 
with an MTB

Difficulties in reporting due to lack of a standardized report-
ing system 

2 22%

Limited access to drugs targeting the detected aberrations 1 11%

Limited facilities (such as restricted access to computers, 
patient files, etc.) 

2 22%

No clear overview of available clinical trials within the region 3 33%

Uncertainty on how to handle incidental findings 1 11%

The need for and benefits of cross-discipline education (i.e., 
between clinical- and lab based specialties) was reported by 
multiple interviewees 

3 33%

Supplementary Table S2 Continued

Challenges and remarks, 
reported by hospitals 
with no MTB

Several hospitals have expressed their interest to participate in or have 
access to an MTB, but are currently excluded due to logistic reasons (such 
as inconvenient meeting hours, limited manpower and volume locally, and 
travel distance to in-person meetings)

n = 4

Some hospitals occasionally consult the MTB of a neighboring center n = 2

* Including the Netherlands Cancer Institute ** STZ-affiliated hospitals are large, accredited teaching hospitals 
*** Defined as multidisciplinary group meetings, including (molecular) biologists and / or pathologists, in which 
molecular tumor profiling test results are discussed, and excluding the CPCT MTB. % are rounded to  whole numbers.
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Abstract

Oncology is one of the most multidisciplinary areas of medicine, with most patients encountering 

multiple treatment modalities during the course of their disease. Rapidly occurring innovations 

in cancer care are continuously expanding the number of treatment options available. However, 

substantial variation in the amount and quality of evidence supporting new drugs, devices, and 

surgical approaches exists, compromising evidence-based treatment decisions. To address this im-

portant issue, the professional societies representing cancer care providers appointed a multidis-

ciplinary working group: American College of Surgeons Commission on Cancer, American Society 

for Radiation Oncology (ASTRO), American Society of Clinical Oncology (ASCO), Society of Inter-

ventional Radiology (SIR), and the Society of Surgical Oncology. In addition, the working group 

included a patient and National Cancer Institute (NCI) representative. This manuscript identifies 

five factors contributing to differences in evidence development for cancer treatment modalities: 

(1) research funding, (2) methodological challenges to conducting randomized controlled trials in 

many therapeutic options, (3) regulatory agency oversight, (4) payment policies, and (5) hierarchy 

and sociological factors in medicine. It makes a series of consensus recommendations that address 

the need for more cross-disciplinary research and wider adoption of observational research, prag-

matic trials, and reimbursement strategies. 
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Introduction

Due to rapidly occurring innovations in cancer care, the number of treatment options such as new 

drugs, devices, and radiation approaches is continuously expanding. For patients and clinicians to 

choose the most appropriate treatment when there are multiple treatment modalities available, it 

is vital they have information on the expected outcomes of each option. Ideally, such information 

includes average outcomes for the intended use population (e.g., overall response rate and sur-

vival benefit) as well as the range of outcomes observed across heterogeneous groups of patients. 

In reality, however, patients and clinicians’ abilities to make well-informed, evidence-based, and 

tailored treatment decisions is often hampered by absent or incomplete evidence on the benefits 

and harms of the available treatments.

To address this important issue, five of the primary professional societies representing cancer care 

providers in the United States appointed a multidisciplinary working group with expertise in mul-

timodality cancer research: American College of Surgeons Commission on Cancer, American So-

ciety for Radiation Oncology (ASTRO), American Society of Clinical Oncology (ASCO), Society 

of Interventional Radiology (SIR), and the Society of Surgical Oncology. In addition, the working 

group included a patient and National Cancer Institute (NCI) representative. The working group 

met via a series of conference calls, held an in-person workshop where additional stakeholders 

were invited to provide input, and reviewed the literature. Based on this information, the working 

group developed consensus recommendations. This paper represents the professional societies’ 

joint statement. It identifies the main factors contributing to differences in evidence development 

between cancer treatment modalities and presents a series of recommendations for improving the 

evidence base. Although some of the recommendations have been made previously in different 

contexts, they have not been endorsed in their totality across the major professional organizations 

representing cancer care providers in the United States. This endorsement by a broad range of 

stakeholders should be influential in developing evidence across cancer treatment modalities and 

in leading to timely implementation of the proposed recommendations.

Clinical Implications

The working group used a clinical case study on liver metastases from colorectal cancer (CRC) to 

identify the challenges of making informed healthcare decisions when there are multiple potential 

treatment modalities with varying levels of evidence to support their effectiveness:

A 62-year old male patient is diagnosed with a stage IIIC colon carcinoma. The patients’ tumor is 

surgically resected and adjuvant chemotherapy is given. Three years later, the patient is diagnosed 

with multiple liver metastases. There are no signs of extra-hepatic disease. The patient is in good 

condition and fit for surgery, but complete resection of the metastases is expected to leave inad-

equate liver remnant and is therefore not feasible. Because the patient fears toxicity of systemic 

chemotherapy, he is particularly interested in local treatment options. He and his clinician identify 

many potential treatment options (summarized in Table 1 and Appendix A). Choosing between 

these options, however, remains rather arbitrary because available evidence does not provide an-
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swers to many questions that this patient and his clinician may have. For example, which option 

has the best chance of leading to long term cancer control and survival? Which option has the 

best chance to preserve liver function? Which treatment is easiest to deliver with the lowest risk of 

complications? For a patient who is older, non-Caucasian, suffering from significant co-morbidities, 

and /or belonging to any other subgroup that is generally underrepresented in clinical trials, what 

evidence is available to support the use of the intervention?  

Every cancer care provider will recognize this scenario and the difficulty of choosing the most ap-

propriate treatment option in the absence of comprehensive supportive data; this situation is not 

limited to local therapy and devices. Oncology guidelines suffer similarly from the lack of evidence 

supporting some treatment modalities and are often unable to make strong clinical recommenda-

tions.1,2 As a result, patient care may be guided by factors other than evidence, such as physician 

preference or experience, institutional bias, socioeconomics, regional variation in care, reimburse-

ment policies, etc. Whether prostate cancer is treated by prostatectomy or radiation therapy, for 

example, is often dependent on whether patients first see an urologist or radiation oncologist.3 

Other examples include the probability of receiving chemotherapy for indolent lymphoma, or 

sphincter-sparing surgery for distal rectal cancer: depending on institutional practices, probability 

varies from 51% to 100% and from 30% to 90%, respectively.4 

Factors Contributing to Unequal Evidence Development

Oncology is one of the most multidisciplinary areas of medicine, with most patients encountering 

multiple treatments and multiple modalities of treatment during the course of their disease. In 

many circumstances, various modalities of treatment are available but substantial variation exists in 

the amount and quality of evidence supporting their use. Five major factors contributing to these 

differences in evidence are: (1) research funding to support evidence development, (2) method-

ological challenges to conducting randomized controlled trials (RCTs) in many therapeutic options, 

(3) regulatory agency oversight, (4) payment policies, and (5) hierarchy and sociological factors in 

medicine. 

Research Funding

Specialties that prescribe pharmaceutical products (i.e., medical oncology) generally have access 

to larger research budgets than non-pharma specialties (i.e., interventional radiology, radiation 

oncology, and surgery). In 2016, for example, the leading biopharmaceutical researchers and bio-

technology companies in the United States reported spending $52.4 billion on research and devel-

opment across diseases,5  whereas the medical device technology industry spent $16 billion.6 Part 

of the explanation could be the difference in expected “shelf-lives” of these treatments. Devices 

generally have short commercial lives of 18-24 months, while drugs often remain on the market for 

the entire duration of their patents (e.g., 20 years) or longer.7 This makes drugs a more attractive 

investment for commercial sponsors. Federal funding is unlikely to equalize the discrepancy in 

funding given its modest role in research support: the National Institutes of Health  provided only 

27% of total cancer research funding in 2012, while almost 50% was provided by biopharmaceu-

tical companies and just 10% by the medical device industry.8 In addition, the success of devices 
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is more predictable than drugs because devices often rely on engineering and physical principles, 

whereas drugs depend on biological principles. This leads to a higher rate of failure to achieve 

marketability in drugs, contributing to higher research cost.

Methodological Challenges

Phase 3 RCTs are the current mainstay of evidence-based medicine but they have well-recognized 

limitations in external validity and generalizability. Most RCTs focus on systemic treatment and 

compare placebo or standard treatment to one isolated intervention; whereas in clinical practice, 

patients get combination and/or serial treatment and outcomes are a culmination of treatment 

events. Moreover, conducting RCTs in surgical disciplines, radiation therapy, and interventional 

radiology is often challenged by slow accrual and the need to control for provider skills and bi-

ases.9,10 Surgery, for example, cannot be fully placebo controlled; blinding of the operator is not 

possible and randomizing surgical experience as well as standardizing surgical procedures is chal-

lenging.11-13 Treatment standardization via certification or auditing programs can only overcome 

some of these barriers.14-16 As a result, it is difficult to obtain RCT-level evidence for many new 

therapeutic options.  

Regulatory Agency Oversight

Regulatory agency oversight, such as by the U.S. Food and Drug Administration (FDA), explains 

another part of the evidence inequality available to medical specialties that employ pharmaceu-

tical and non-pharmaceutical products because legal requirements for bringing new drugs to the 

market differ from those for new devices. FDA approval of new drugs requires extensive clinical 

testing and proof of safety and effectiveness before registration.17 Moderate- and high- risk de-

vices, meanwhile, can achieve FDA approval via either (1) the more stringent premarket approval 

or (2) the less stringent 510(k) notification/clearance process. The former requires evidence from 

clinical studies, a premarket manufacturing inspection, and postmarket studies, but is only used 

for 1% of devices.18,19 The latter is used for the vast majority of devices and does not require any 

of these items; demonstration that the device is “substantially equivalent” to a device already on 

the market is sufficient.20 

Multiple organizations have raised concerns about the adequacy of FDA’s review of devices.19-21 

The FDA recently reorganized its oversight of drugs, biologics, and devices for cancer care under 

one office, the Oncology Center of Excellence;22,23 whether and how this will impact FDA’s review 

of cancer drugs and devices is unclear. However, increasing premarket standards for devices in the 

United States may have the opposite effect to that intended: given devices’ short life-spans, the 

great variability in types of devices used in clinical care, and the fact that some countries might 

have lower standards for marketing new products,24 increasing oversight of devices could reduce 

(rather than increase) research and development investments.  

Payment Policy

Another disincentive to invest in thorough pre-market evaluation of devices and procedures (and 

thus contributing to the paucity of supporting evidence) is their less certain payment environment. 

In the United States, for example, the evidentiary burden for FDA device-approval is low, but ex-
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tensive evidence is needed for insurance coverage and reimbursement. The Centers for Medicare 

and Medicaid Services (CMS) only covers devices and procedures if they have been proven to be 

“reasonable and necessary” (i.e. safe, effective, and leading to improved health outcomes).25  In 

addition, CMS has interpreted the “reasonable and necessary” standard for its National Coverage 

Decisions (NCD) more stringently in recent years.26 CMS’s explanations for denying coverage in 

NCDs often cite specific methodologic flaws in existing evidence, such as the lack of representative 

populations or the lack of meaningful outcome data.25,27

Conversely, CMS has interpreted existing regulations as requiring it to cover most cancer drugs.28 

Medicare Part B covers any intravenous drug used in an “anticancer chemotherapeutic regimen” 

as long as the use is “for a medically accepted indication.”28,29 Acceptable indications are those ap-

proved by the FDA, those listed in a drug compendia (such as the National Comprehensive Cancer 

Network’s guidelines), or those supported by the peer-review literature. Under Part D, Medicare 

private contractors are required to cover virtually all oral chemotherapy drugs because they meet 

the standard of treating a “major or life-threatening disease.” It is likely that similar differences in 

private insurers’ coverage of drugs and devices exist. 

Hierarchy and Sociological Factors in Medicine 

Evidence development for some treatment modalities may be further challenged by the historically 

hierarchical culture of medicine, competition between specialties, and other sociological factors.30, 

31 Suboptimal multidisciplinary teamwork, for example, has been well described in studies on tu-

mor board behavior where some specialties are routinely under-represented and certain group 

members may dominate decision-making behavior.32-35 Surgeons and medical oncologists often 

contribute most to decision-making, whereas radiologists’ and radiation oncologists’ opinions are 

routinely incorporated downstream.36 Similarly, hierarchy within journal editorial boards, scientific 

review committees, or committees formed to inform policy decisions could contribute to unequal 

evidence development across treatment modalities, as members of these committees may have 

biases towards their own specialties, making it more challenging for others to obtain publication, 

to receive funding, or to achieve supportive public policies. 

A prominent example of this is a committee formed by the American Association for Cancer Re-

search, FDA, and the National Cancer Institute (NCI) to review biomarker-use in cancer drug devel-

opment:37 although image-guided biopsies for biomarker-purposes are most commonly obtained 

by interventional radiologists, only one radiology-representative was included in the 122 member 

panel.38 Similarly, the NCI Cancer Moonshot Blue Ribbon Panel failed to include radiation oncolo-

gists and interventional radiologists, despite their key role in cancer treatment.39

The Path Forward

The wealth of anti-cancer treatment modalities comes with the challenge of generating broad 

evidence supporting each treatment option in a given clinical circumstance. The professional soci-

eties representing cancer care providers developed a series of recommendations to limit situations 
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when oncologic treatment options outpace existing evidence. The recommendations include pro-

moting cross-disciplinary evidence-development, increasing the use of observational research and 

pragmatic trials, and implementing reimbursement strategies. 

Promote Cross-Disciplinary Teamwork in Cancer Research

Due to the complexity and multidisciplinary nature of cancer care, high-quality cancer research 

cannot exist without cross-disciplinary teamwork. Improving clinicians’ awareness about the ben-

efits of multidisciplinary teamwork40 and the pernicious effects of hierarchical biases may help to 

achieve this, as may interdisciplinary educational programs.41 In addition, inclusion of representa-

tives from all relevant specialties in multidisciplinary review panels of funders, journals, guidelines 

panels, and policy committees may prevent funding and publication-bias towards otherwise under-

represented specialties. Considering the potential societal impact of positive study results when 

scoring research proposals could further enhance cross-disciplinary evidence development. 

Action Items

• Multidisciplinary review panels of funders, journals, guidelines panels, and clinical guide 

 line developers should include representatives from all relevant specialties involved in  

 cancer care and should be aware of the impact of underrepresentation.

• Academic institutions and professional societies should develop interdisciplinary 

 education programs. 

• Academic institutions, NCI, and other funders should increase the academic value, 

 visibility, support, and stature of cross-disciplinary research, through funding 

 prioritization, promotion of presentations at scientific meetings, and publication in top  

 journals.

Conduct (More) Pragmatic Trials

Pragmatic trials are an approach to collecting evidence from real world practice on cancer treat-

ment modalities. They prospectively evaluate outcomes in real-world conditions and may thus pro-

duce results that are generalizable to routine clinical practice.42-44 In addition, because they can be 

embedded into practice, pragmatic trials leverage existing resources and are relatively inexpensive 

to conduct.45 Even when all of the criteria for pragmatism cannot be met, adoption of pragmatic 

trial-features whenever feasible and sensible could help to improve the relevance of evidence to 

everyday decision making.43

ASCO’s ongoing TAPUR Study (Targeted Agent and Profiling Utilization Registry)46 and the Dutch 

DRUP Study (Drug Rediscovery Protocol)47 are two examples of pragmatic trials that attempt to 

learn from the application of precision medicine in oncology practice.  For future pragmatic trials 

to address key questions about the effectiveness of various cancer treatment modalities, it will be 

important to involve providers and patients in prioritizing and formulating research questions.48,49 

Although PCORI is following this best practice and gives patients a prominent role in its research 

program,50 broad stakeholder involvement in setting research priorities remains limited.48,49   
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Action Items

•  Researchers and funders should increase support for pragmatic studies that can be 

 conducted in routine clinical care settings. 

•  Researchers and funders should prioritize pragmatic trials that are informed by broad 

 stakeholder input, including providers, patients, and their families. 

Harness Health Information Technology to Facilitate Observational Research 

Observational research, such as studies based on registry data, claims databases, and pooled elec-

tronic health records (EHRs), provides an important source of evidence and can be complemen-

tary to prospective clinical trials.51 This is especially true for rare patient subgroups, for treatment 

modalities that are difficult to study in RCTs, for collecting data on uncommon events, and for 

post-market surveillance of new treatments.51-55 A major benefit of observational research is that 

data are derived from routine clinical practice and include broadly representative patients. How-

ever, observational research has substantial limitations that need to be considered, including high 

risk of bias due to lack of randomization and blinding, absence of control groups, and incomplete 

or inconsistent data.51 Nevertheless, technological advances in the healthcare system are enabling 

new types of observational research that addr ess some of these limitations by using extremely 

large datasets. ASCO’s CancerLinQ, for example, is a learning healthcare system that collects data 

on patient encounters stored in oncology practices’ EHR systems. Similarly, PCORI is developing 

the Patient-Centered Clinical Research Network (PCORnet), which uses EHR data and patient-re-

ported outcomes data to conduct new types of research. Health systems (e.g., Kaiser, Geisinger, 

U.S. Department of Veterans Affairs) and payers are also using existing databases to inform care 

and coverage decisions. 

An obstacle to EHR-based observational research, is the fact that most EHRs use unstructured 

“free-text.” Tools that can extract important clinical variables trapped in free-text narratives are 

currently being developed, but such technology is still nascent.56  There are also ongoing efforts to 

develop interoperability standards and to advance common data models to improve the quality of 

EHR data. The HL7 Fast Healthcare Interoperability Resource is the emerging standard for trans-

mission and exchange of healthcare information.57 If broadly adopted, this standard would improve 

data retrieval and distribution through systematic integration of medical vocabularies into EHR 

systems. It would also overcome limitations of disease-specific/discipline-specific data dictionaries. 

Similarly, the Observational Medical Outcomes Partnership developed a standardized format for 

organizing, structuring, and studying observational clinical data, which could advance the use of 

EHR data for research.58  

Action Items:

•  Professional societies, EHR vendors, and other stakeholders should work together to 

 develop and implement standards for the transmission and exchange of healthcare 

 information. 

•  Professional organizations should adopt a common data model to facilitate the exchange 

 of analytic data, tools, and methodologies, and to promote consistent and reproducible 

 analytic results.



135

Chapter 7

Use Reimbursement Strategies to Incentivize Evidence Development

CMS and private payers have several methods to incentivize data collection across cancer treat-

ment modalities. Coverage with evidence development (CED), for example, is a tool used by pay-

ers when a promising new treatment has insufficient supporting evidence for a definitive coverage 

decision. Under CED programs, payers reimburse for a technology only if outcomes are docu-

mented in a registry or clinical study. Payers make a final coverage decision at the end of a study. 

Medicare used CED to cover PET for an expanded spectrum of cancer indications as part of the 

National Oncologic PET Registry, for instance, but could implement it more broadly to support the 

collection of evidence on cancer treatment modalities lacking strong supporting data.59 

In addition, the passage of the Medicare Access and CHIP Reauthorization Act (MACRA) of 2015 

may create new opportunities for payment policy to influence evidence collection. Under MAC-

RA, CMS will reimburse physicians under two new systems starting in 2019: (1) the Merit-based 

Incentive Payment System (MIPS), or (2), advanced alternative payment models (APM). Physicians 

participating in MIPS will report their performance across four major domains: (1) quality of care, 

(2) advancing care information, (3) improvement activities, and (4) cost or resource use.60 The On-

cology Care Model is an example of an advanced APM. Physicians participating in the Oncology 

Care Model will assume increased financial and performance accountability for episodes of care 

surrounding chemotherapy administration.61 The data generated by physicians taking part in these 

payment models may be used for observational research and to inform the use of cancer treatment 

modalities. Moreover, the increased emphasis on performance and quality metrics in MACRA may 

lead healthcare providers to demand better data supporting potential treatment options.

 

Action Item: 

•  CMS and private payers should expand their use of CED and payment policies that may 

 incentivize the collection of evidence across cancer treatment modalities.

Conclusions

This paper identifies five major factors that may contribute to differences in the quantity and qual-

ity of evidence supporting various cancer treatment modalities: (1) research funding, (2) method-

ological challenges to conducting RCTs in many therapeutic options, (2) regulatory agency over-

sight, (3) payment policies, and (5) hierarchy and sociological factors in medicine. The variability 

in evidence bases is problematic because it results in patients and clinicians confronting complex 

treatment decisions without sufficient supporting evidence. Promoting cross-disciplinary cancer 

research, conducting more pragmatic trials, facilitating efficient observational research via health 

information technology, and using reimbursement strategies to incentivize evidence development 

could all help to fill knowledge-gaps in scenarios where well-controlled phase 3 trials are absent, 

unachievable, or not necessary. The professional societies representing cancer care providers 

should collaborate to achieve this vision for multidisciplinary evidence development.
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RCTs Remarks Other studies Remarks

Hepatic 
resection

Several:
- Surgery +/- systemic    
 chemotherapy52-56 
- Surgery vs MWA66

- Surgery vs cryo-ablation67

Underpowered for OS
Risk of bias
Risk of bias

Many When feasible (i.e. 
in a minority of 
patients), hepatic 
resection is currently 
the treatment of 
choice68 

90Y RE Several:
- 90Y RE + HAI vs HAI69

- 90Y RE + systemic 
 chemotherapy vs chemotherapy70-74

Modest degree of 
benefit; trials with 
modern chemo-
therapy ongoing

Many Heterogeneity be-
tween studies com-
promises pooling 
and interpretation 
of outcomes75,76

HAI Several:
- HAI vs TACE vs no treatment77

- HAI vs systemic chemotherapy78-80 
- HAI vs RE69

TACE nor HAI 
improved survival
None used modern 
chemotherapy

Several Evidence is patchy 
and  inconclusive81-87

RFA Few:
- RFA + systemic chemotherapy vs  
 systemic chemotherapy88

- RFA vs SBRT89

Insufficient accrual
Results not yet 
published

Many Limited follow-up, 
mixed popula-
tions, wide range 
of endpoints and 
outcomes90

TACE Few:
- TACE vs HAI vs no treatment77

- TACE vs chemotherapy91 

- TACE + chemotherapy vs 
 chemotherapy92

TACE nor HAI 
improved survival
TACE improved PFS 
& OS 
TACE improved 
objective response 
and PFS

Several Not recommended 
by the NCCN93 

MWA One:
- MWA vs surgery66 Risk of bias

Several Hard to interpret 
due to hetero-
geneous study 
populations and 
design90,94-96

Cryo-ablation One:
- Cryo-ablation vs surgery67 Risk of bias

Many Wide range of 
outcomes90

SBRT One:
- SBRT vs RFA89 Insufficient accrual

Few No large, prospec-
tive studies97-99

Table 1 Local Treatment Options for Stage IV Colorectal Cancer and Supporting Evidence

Tables
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Table 1 Continued

Table 1 Few: one to five studies. Several: six to twenty studies. Many: more than twenty studies. RCT: randomized controlled 
trial. 90Y RE: Yttrium 90 microsphere radioembolization. HAI: hepatic artery infusion of chemotherapy. RFA: radiofrequency 
ablation. TACE: transarterial chemoembolization. MWA: microwave ablation. SBRT: stereotactic body radiation therapy. ILT: 
interstitial laser thermotherapy. OS: overall survival. PFS: progression free survival. NCCN: Nati onal Comprehensive Cancer 
Network.

ILT None Few Largest observation-

al series provided 

no details on addi-

tional anti-cancer 

treatment100

Brachy-

therapy

None Few Evidence is patchy, 

with inconsistent 

findings101-104
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General discussion 

Throughout history, people have been confronted with and puzzled by cancer. All sorts of an-

ti-cancer treatments have been tried, ranging from powdered falcon feces to un-anesthetized 

amputations and anything in between1,2. Fortunately, nowadays, more effective and attractive 

treatment options are available. Unfortunately, though, due to population growth, aging, and 

adoption of less healthy lifestyle behaviors, cancer has nonetheless become a relatively common 

disease, and a leading cause of death in both more and less economically developed countries3. 

Globally, the cancer burden has been estimated to increase from 14.1 million new cases per year 

in 2012, to 21.7 million in 20304. 

In many of these cases, when the disease cannot or no longer be treated with local therapies, 

systemic therapy will be the patient’s last resort. Each of today’s therapies has proven its potential 

throughout extensive (and expensive) preclinical and clinical testing. In daily practice, however, 

response rate to most drugs is modest, and responses are often transient. In addition, anti-can-

cer drugs are generally quite toxic, and costly. Together, this has not only fueled the search for 

more effective and less toxic therapies; it has also fueled the search for means to achieve better 

outcomes with therapies already at hand. This thesis revolves around the latter. It discusses sev-

eral biomarker-based strategies to tailor treatment to specific tumor- or patient-characteristics, 

ultimately aimed at improving outcomes for individual patients. 

Part II: Precision oncology and the tumor micro-environment

This part is dedicated to the tumor micro-environment, and how it may be employed to counter-

act chemotherapy resistance. Chapter 2 describes a prospective biomarker study, that was build 

on the observation that mesenchymal stem cells (MSCs) mediated platinum-induced chemoresis-

tance in mice5. If translatable to human cancer patients, patients with higher levels of circulating 

MSCs could thus benefit most from any (future) intervention preventing platinum-induced chemo-

resistance. We therefore explored the presence and significance of MSCs in human circulation. In 

line with previous reports5,6, we found significantly more MSCs in patients with advanced cancer 

than in healthy volunteers. Amongst all cancer patients, however, only one characteristic correlat-

ed with MSC-levels: patients who had previously received systemic therapy had significantly more 

circulating MSCs than patients who were treatment-naïve. This association was independent of 

histologic tumor type, timing and amount of systemic therapy, but (again in line with previous 

observations7) prior platinum-containing chemotherapy did seem to contribute most. 

The mechanism behind this observation remains to be elucidated. Meanwhile, previous research 

also demonstrated that in mice, MSC-mediated & platinum-induced chemoresistance could be 

prevented by adding indomethacin to their chemotherapy5. Given that platinum-analogues are 

prescribed to 10-20% of all human cancer patients8, the potential impact of preventing plati-

num-induced chemoresistance in human cancer patients is substantial. However, drugs like indo-

methacin can exacerbate platinum-associated nephrotoxicity9-12, and are therefore generally con-

tra-indicated during platinum-based chemotherapy. Still, the actual combination had never been 
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tested. A phase I safety trial was therefore undertaken, and demonstrated that indomethacin can 

safely be added to oxaliplatin-based chemotherapy (Chapter 3).

In addition, we found that indomethacin counteracted the release of 12-S-HHT, one of the fatty ac-

ids causing chemoresistance in previous studies5. Yet, in the present study, reduction of 12-S-HHT 

did not alter oxaliplatin-efficacy. An explanation could be that our study was not designed (and 

thus underpowered) to test for differences in chemo-efficacy. Also, efficacy-correlations could not 

be calculated for multiple patients, as they discontinued study treatment for other reasons then 

progressive disease. Future clinical studies will thus need to determine whether indomethacin 

does indeed prevent platinum-induced & MSC-mediated chemoresistance in human patients. 

Present research, however, has demonstrated that it would be safe to conduct such studies, and 

probably worthwhile, given that patients with advanced cancer have higher levels of circulating 

MSCs; especially once they have received systemic anti-cancer treatment.

Part III: Precision oncology and tumor genetics

This part focusses on biomarkers for targeted- and immunotherapy. Chapter 4 describes the 

set-up and first results of the Drug Rediscovery Protocol (DRUP), a nationwide, prospective, multi-

drug and pan-tumor trial aimed at identifying new tumor type/molecular variant-combinations 

that are sensitive to approved anti-cancer drugs. Analysis of the first ~500 clinical case submis-

sions showed that there are many patients (>50% in our dataset) whose molecular tumor profile 

can potentially be targeted by an already available anti-cancer drug, to which these patients 

would otherwise not have access. Analysis of the first 100 patients who received such treatment, 

showed a remarkably high overall clinical benefit rate of 44%. In addition, by incorporating Whole 

Genome Sequencing (WGS), clinically relevant additional information was revealed in 64% of 

patients. 

Of course, as the DRUP is an ongoing trial, treatment outcomes of the next hundreds of patients 

will ultimately determine the value of our approach. Nonetheless, the first results are promising. In 

addition, several features have been incorporated to ensure relevance of results either way: first, 

upon completion, the outcome of each cohort will be made public, regardless of its success rate. 

Whereas positive results may help to create new treatment opportunities for patients, publication 

of negative results can prevent repetitive use of ineffective treatment strategies. Second, since 

the flexible design allows for swift opening of new cohorts, novel pre-clinical discoveries can be 

translated to the clinic without the delay that is normally associated with setting-up a clinical trial. 

And third, because results are shared internationally with similar initiatives, patients with rare can-

cer subtypes can also participate.

The DRUP is designed to evaluate drug-efficacy in the context of a specific cohort. To ensure 

objective trial enrollment and compliance with the statistical design, response rate per cohort can 

only be made public upon completion of that cohort. So far, one cohort has completed accrual; 

results of this cohort are described in Chapter 5. It describes how nivolumab (a PD-1 inhibitor) 

was tested across 30 patients with various tumor types, using microsatellite instability (MSI) as 
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an entry-criterion. Nivolumab was highly effective, with clinical benefit in twenty patients (67%), 

including eleven patients (37%) with an objective response. 

Nevertheless, 33% of patients did not have clinical benefit. We therefore searched for additional 

biomarkers. COSMIC mutational signature 613 was significantly associated with clinical benefit; the 

predictive value of this observation needs to be clarified by larger studies. In addition, in present, 

small cohort, whole-genome sequencing based MSI assessment was highly representative for tra-

ditional MSI identification, but patients with higher scores were not more likely to respond. Also, 

characteristics such as JAK1/2 inactivating mutations, CD274 (PDL1) copy-numbers and gender 

have been suggested to correlate with nivolumab efficacy14-17, but none of these correlations was 

observed in our study. Future analyses, using larger patient sets, will thus be needed to refine 

patient selection. 

For now, we can conclude that nivolumab led to durable clinical benefit in a considerable pro-

portion of patients with metastatic, heavily pretreated MSI tumors. Also, in a national database 

containing WGS data for 2520 patients, we found that 2.4% of tumors classified as MSI, suggest-

ing that the total number of patients who could benefit from nivolumab treatment is substantial. 

Yet, outside the context of clinical trials, most of these patients do currently not have access to 

nivolumab treatment. Negotiations with Dutch health authorities are therefore ongoing. Ideally, 

this will lead to nivolumab-reimbursement under the condition that further / confirmatory data 

will be gathered (“coverage with evidence development”). If successful, other DRUP cohorts will 

hopefully follow. 

Part IV: Implementation of precision oncology

The last part discusses two aspects of precision oncology in daily practice. First, Chapter 6 ad-

dresses the need for “navigation”, given the increasingly complex biomarker landscape: genetic 

tumor sequencing is continuously becoming faster, cheaper and more accurate. Meanwhile, the 

number of genetically-targeted therapies is ever-growing. The relationship between somatic mu-

tations and treatment consequences, however, is complex and can’t be fully captured by most 

currently used gene panels. Extensive tumor sequencing may provide part of the solution but 

poses new challenges along the way: adequate interpretation and translation into treatment ad-

vice requires expertise from clinical, pathological, biological, genetical and technical perspective.

As a consequence, a new type of tumor board is rising: the multidisciplinary genetic- or Mo-

lecular Tumor Board (MTB). MTBs can help to translate multifaceted genetic information into 

patient-centered clinical decisions, thereby shepherding precision oncology into daily care. They 

are a relatively new phenomena though, and standards, guidelines or quality requirements are 

currently absent. Therefore, based on literature review, a survey amongst hospitals in the Neth-

erlands and our own experience with the establishment of a nationally operating MTB, three rec-

ommendations were formulated that may serve as a roadmap for successful MTB implementation. 

We feel that standardization of MTB practice would not only prevent variation in quality of care, 

but would also help to move the emerging field of tumor sequencing forward.
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Finally, Chapter 7 addresses the need for cross-disciplinary evidence development: anti-cancer 

treatment options now range from systemic therapies, to interventional radiology, and so forth. 

Evidence directly comparing across these modalities is scarce, however, thereby compromising 

patients and physicians’ ability to make informed, personalized health care decisions. As a conse-

quence, where evidence is inconclusive, treatment decisions may be made for the wrong reasons, 

such as physician preferences or prejudices. There are many examples where sociological factors, 

rather than evidence, impact patient care. Whether prostate cancer is treated by prostatectomy 

or by radiation therapy, for example, partly depends on whether the patients first sees an urol-

ogist or radiation oncologist18. Promoting cross-disciplinary cancer research, conducting more 

pragmatic trials, facilitating efficient observational research via health information technology, 

and using reimbursement strategies to incentivize evidence development could all help to fill 

knowledge-gaps in scenarios where well-controlled phase III trials are absent, unachievable, or 

not necessary.

  

Conclusion

In summary, effective anti-cancer treatment has come a long way, and there probably is a long way 

to go before we can offer every patient a therapy that works, is safe, and affordable. Many paths 

may be pursued to ultimately achieve this goal, and precision oncology could be one of them: by 

matching treatment to specific characteristics of a patient, his or her tumor, and its micro-envi-

ronment, higher response rates may be achieved whilst toxicity and unnecessary costs could be 

avoided. In addition, whenever this can be done using existing therapies, it saves the time and 

costs associated with development of new therapies. Hopefully, the strategies discussed in this 

thesis will help to carry precision oncology forward, on the long path that is surely ahead.
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Summary in Dutch / Samenvatting

De eerste sporen van kanker dateren van vóór het ontstaan van de mens; waarschijnlijk kwam de 

ziekte al onder prehistorische dieren voor1. De eerste menselijke sporen zijn gevonden in Egyp-

tische mummies, en de eerste geschreven verwijzing naar kanker lijkt te dateren uit de 30e eeuw 

voor Christus. Een goede behandeling was er destijds, volgens de schrijver, helaas niet2,3. In de 

duizenden jaren die volgden, zijn allerlei behandelingen de revue gepasseerd: van magie en reli-

gie tot primitieve operaties en mysterieuze medicamenten, zoals zeekrabben-as en verpoederde 

valkenpoep1,4. 

De laatste paar honderd jaar is hier een groot aantal effectievere (en aantrekkelijkere) behande-

lopties bijgekomen. Dit bracht nieuwe uitdagingen met zich mee, zoals het kiezen van de meest 

kansrijke optie voor elke patiënt. Immers, kanker is een complexe, multifactoriële en heterogene 

ziekte. Hierdoor zullen geen twee tumoren exact hetzelfde zijn, en zal geen enkele behandeling 

voor elke tumor even effectief zijn. Bijwerkingen kunnen echter bij alle patiënten optreden. Bo-

vendien zijn de meeste behandelingen kostbaar. Selectie van de juiste behandeling voor de juiste 

patiënt is dus van groot belang. 

Het afstemmen van een behandeling op de specifieke kenmerken van een patiënt en zijn of haar 

tumor wordt ook wel “gepersonaliseerde behandeling” of “precisie-oncologie” genoemd. Zulke 

kenmerken, die mede-voorspellen of een patiënt wel of geen baat bij een bepaalde behandeling 

zal hebben, worden ook wel voorspellende biomarkers genoemd. Dit proefschrift omvat zes op 

biomarkers gebaseerde projecten, allen gericht op beter gebruik van bestaande antikankerbe-

handelingen.

Deel II: Precisie-oncologie en het tumor micromilieu

Hoofdstuk 2 — De effectiviteit van een behandeling wordt mede bepaald door de omgeving 

waar de tumor zich in bevindt (het tumor micromilieu)5. In dit micromilieu kunnen bijvoorbeeld 

mesenchymale stamcellen (MSCs) worden aangetroffen. Deze multi-potente stamcellen kunnen 

vanuit het beenmerg, via de bloedbaan, naar beschadigde weefsels (zoals het tumor micromilieu) 

migreren. Aldaar dragen ze bij aan weefselherstel en -opbouw6. 

Uit eerder onderzoek kwam tevens een andere functie naar voren: bij blootstelling aan plati-

num-bevattende chemotherapie bleken MSCs twee vetzuren uit te scheiden (platinum-induced 

fatty acids, kortweg PIFAs). In muisproeven zorgden deze PIFAs voor resistentie tegen meerdere 

soorten chemotherapie7. Als voor mensen hetzelfde geldt, zou voorkomen van PIFA-aanmaak het 

ontstaan van chemo-resistentie kunnen tegengaan. En patiënten met méér MSCs zouden moge-

lijk méér baat hebben bij een dergelijke interventie. Er is echter weinig bekend over de MSCs die 

van nature (of onder invloed van ziekte) in menselijk bloed voorkomen. We hebben daarom de 

hoeveelheid MSCs in menselijke circulatie bestudeerd, en gezocht naar factoren die hier verband 

mee houden. 



154

Part V

In lijn met eerdere onderzoeken vonden we significant méér MSCs bij patiënten met gevorderde 

kanker dan bij gezonde vrijwilligers7,8. Onder kankerpatiënten hield één factor duidelijk verband 

met de hoeveelheid MSCs: patiënten die in het verleden systemische antikankerbehandeling had-

den gehad, hadden meer circulerende MSCs dan patiënten die niet eerder systemisch behandeld 

waren. Dit was onafhankelijk van het soort tumor en van het moment en type van behandeling 

(hoewel platinum-bevattende chemotherapie, wederom in lijn met eerdere bevindingen9, het 

meest leek bij te dragen). 

Hoofdstuk 3 — Uit eerder onderzoek kwam verder naar voren dat de MSC-gemedieerde/ PI-

FA-geïnduceerde chemo-resistentie bij muizen voorkomen kon worden, door ze gelijktijdig met 

indomethacine te behandelen7. Het zou zeer waardevol zijn als dit ook voor mensen geldt, aange-

zien platinum-bevattende chemotherapie breed wordt voorgeschreven (aan 10 tot 20% van alle 

kankerpatiënten10). Medicijnen als indomethacine kunnen de nefrotoxiciteit van platinum echter 

versterken11-13, en zijn daarom van oudsher gecontra-indiceerd tijdens platinum-bevattende che-

motherapie. 

We hebben daarom de veiligheid van gecombineerde indomethacine/platinum behandeling bij 

mensen onderzocht. Hieruit bleek dat indomethacine veilig toegevoegd kan worden aan oxalipla-

tin-gebaseerde chemotherapie. Ook bleek indomethacine de aanmaak van één PIFA significant te 

verlagen. Deze verlaging verbeterde de chemo-effectiviteit echter niet. Mogelijk was onze studie 

te klein om een dergelijk verband aan te tonen, aangezien de studie hier niet voor ontworpen 

was. Bovendien staakten meerdere patiënten de studiebehandeling vóór bekend was of de be-

handeling wel of niet effectief was. Voor deze patiënten kon het verband tussen PIFA-verlaging 

en chemo-effectiviteit helaas niet berekend worden.

Toekomstige studies zullen aan moeten tonen of indomethacine de MSC-gemedieerde/ PIFA-ge-

induceerde chemo-resistentie ook bij mensen kan voorkomen. Ons onderzoek heeft aangetoond 

dat het veilig en waarschijnlijk zinvol zou zijn om zulke studies uit te voeren, aangezien kankerpa-

tiënten (vooral na systemische behandeling) significant méér MSCs hebben.

Deel III: Precisie-oncologie en tumor genetica

Hoofdstuk 4 — In dit hoofdstuk worden het ontwerp en de eerste resultaten van het “Drug Re-

discovery Protocol” (DRUP) besproken. De DRUP is een landelijke multi-medicijn en pan-tumor 

studie, gericht op het identificeren van nieuwe combinaties van (a) tumor type en (b) moleculaire 

variant, welke behandeld zouden kunnen worden met reeds goedgekeurde, commercieel ver-

krijgbare medicijnen.

 

Analyse van de eerste 529 aanmeldingen liet zien dat het moleculaire tumorprofiel bij 357 pa-

tiënten (67%) aanknopingspunten bood voor studiebehandeling, en dat 277 patiënten (52%) 

daadwerkelijk met studiebehandeling konden starten. Het behandeleffect kon voor circa 100 

patiënten geëvalueerd worden (de rest was nog onvoldoende lang onder behandeling om hier 

een uitspraak over te doen). De studie behandeling leidde bij 44 (44%) van deze 100 patiënten tot 

duidelijke tumor afname of ziekte stabilisatie; een opvallend hoog percentage, aangezien deze 



155

Chapter 9

patiënten geen reguliere behandelopties meer hadden. 

Omdat de DRUP een lopende studie is, zal de uiteindelijke waarde van onze aanpak nog moeten 

blijken. De eerste resultaten zijn in elk geval hoopgevend. Bovendien biedt de studie-opzet een 

paar belangrijke voordelen: ten eerste worden de resultaten van elk afgerond cohort openbaar 

gemaakt. Het is immers even belangrijk om te weten welke behandeling wel werkt, als om te 

weten welke niet werkt. Ten tweede kunnen cohorten makkelijk en snel toegevoegd worden. 

Hierdoor kunnen nieuwe inzichten sneller in praktijk gebracht worden dan wanneer daar eerst een 

apart klinisch onderzoek voor opgericht moet worden. Tot slot worden de resultaten uitgewis-

seld met vergelijkbare initiatieven in het buitenland. Hierdoor kunnen per cohort extra gegevens 

vergaard worden, waardoor zowel veelvoorkomende als zeldzame kanker-subtypes geïncludeerd 

kunnen worden. 

Hoofdstuk 5 — Hierin wordt het eerste (en vooralsnog enige) afgeronde DRUP cohort bespro-

ken. In dit cohort werden 30 patiënten met verschillende soorten tumoren behandeld. Het tu-

morprofiel van alle patiënten was geclassificeerd als “microsatelliet instabiel” (MSI); een profiel 

dat gepaard gaat met afwijkende DNA kenmerken. Cellen met deze kenmerken zijn voor ons 

afweersysteem mogelijk beter herkenbaar als beschadigde, gevaarlijke cellen14-17. De patiënten in 

dit cohort werden daarom behandeld met nivolumab, een vorm van immunotherapie. Dit bleek 

bijzonder effectief: elf patiënten (37%) hadden een objectieve behandelrespons, en bij negen 

anderen (30%) stabiliseerde de ziekte.

De overige tien patiënten (33%) hadden geen baat bij de behandeling. Blijkbaar is MSI een ster-

ke, maar niet perfecte voorspeller voor nivolumab effectiviteit. We hebben daarom uitgebreid 

gezocht naar aanvullende biomarkers. Eén kenmerk bleek significant samen te hangen met be-

handel-respons: COSMIC mutational signature 6 (een bepaald patroon van DNA mutaties)18. De 

voorspellende waarde van deze bevinding zal in grotere studies bevestigd moeten worden. De 

overige onderzochte potentiele biomarkers (zoals geslacht, MSI-seq scores, JAK1/2 mutaties en 

CD274 amplificatie19-21) toonden geen duidelijk verband met behandel-respons in ons cohort. 

Wat we voor nu kunnen concluderen, is dat nivolumab effectief is in een groot deel van de patiën-

ten met uitgezaaide en uitbehandelde MSI tumoren. Bovendien bleek in een nationale database, 

met gegevens van 2520 patiënten, zo’n 2.4% van de tumoren als MSI geclassificeerd te kunnen 

worden. Het totale aantal patiënten dat voordeel zou kunnen hebben bij nivolumab, lijkt dus sub-

stantieel. De meeste van deze patiënten hebben vooralsnog echter geen toegang tot nivolumab. 

We zijn vanuit de DRUP daarom volop in overleg met de Nederlandse zorgautoriteiten. Idealiter 

leidt dit tot verruiming van de indicatiestelling voor nivolumab, onder de voorwaarde dat de be-

handeluitkomsten verzameld en geanalyseerd blijven worden (“coverage with evidence develop-

ment”). Mogelijk kan het nivolumab cohort zo als voorbeeld voor andere DRUP cohorten dienen. 

Deel IV: Implementatie van precisie-oncologie

Hoofdstuk 6 —  De complexiteit van het oncologische biomarker landschap neemt voorlopig 

alleen maar toe: enerzijds worden genetische en moleculaire testen almaar sneller, goedkoper, en 
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beter. Anderzijds neemt het aantal beschikbare behandelopties, gericht op een specifiek tumor-

profiel, continu toe. Het verband tussen een tumorprofiel enerzijds en behandeleffect anderzijds 

is echter ingewikkeld, en correcte interpretatie van een volledig tumorprofiel vereist expertise op 

zowel klinisch, als pathologisch, biologisch, genetisch en technisch vlak. 

Een nieuw soort “tumor board” is hierdoor in opkomst: de multidisciplinaire genetische- of Mo-

leculaire Tumor Board (MTB). Zij kunnen het totaalpakket aan genetische en moleculaire informa-

tie omzetten in gebalanceerde behandeladviezen, en zo bijdragen aan de verwezenlijking van 

precisie oncologie in de dagelijkse praktijk. MTBs zijn echter een relatief nieuw verschijnsel, en 

richtlijnen of kwaliteitseisen zijn vooralsnog afwezig. Op basis van de beschikbare literatuur, een 

enquête onder Nederlandse ziekenhuizen, en onze eigen ervaring met het oprichten en runnen 

van een landelijke MTB, hebben we daarom drie aanbevelingen voor MTB implementatie gefor-

muleerd. Onzes inziens kan MTB-standaardisatie continuïteit in kwaliteit van zorg waarborgen, en 

tevens het opkomende vakgebied van genetische en moleculaire tumor analyse vooruithelpen.  

Hoofdstuk 7 — Naast systemische behandeling is tegenwoordig een breed scala aan lokale anti-

kanker behandelingen beschikbaar. Het kan voor individuele patiënten echter lastig zijn de meest 

geschikte behandelmodaliteit te kiezen, aangezien er weinig vergelijkende literatuur is. Hierdoor 

kunnen andere, meer subjectieve factoren de behandelkeuze beïnvloeden. Voor patiënten met 

prostaat kanker bijvoorbeeld, hangt de therapiekeuze (chirurgie of radiotherapie) mede af van 

welke arts hen het eerst beoordeelt (chirurg of radiotherapeut)22. 

Het promoten van discipline-overstijgend onderzoek, het uitvoeren van meer pragmatische stu-

dies, het faciliteren van efficiënt observationeel onderzoek via “health information technology”, 

en het gebruik van vergoedingssystemen om continue verzameling van behandeluitkomsten te 

stimuleren, zouden allen kunnen helpen om de huidige hiaten in onze kennis aan te vullen. Om 

deze aanbevelingen breed onder de aandacht te brengen is een multidisciplinaire werkgroep op-

gericht, bestaande uit vertegenwoordigers van vijf grote, invloedrijke vakgroepen op het gebied 

van antikankerbehandeling. Door de aanbevelingen gezamenlijk naar buiten te brengen, kunnen 

hopelijk alle belanghebbenden bereikt worden die nodig zijn om deze aanbevelingen werkelijk-

heid te laten worden. 

Conclusie

Samenvattend kan gesteld worden dat de behandeling van kanker een zeer lange geschiedenis 

kent. Aan de ene kant is reeds veel vooruitgang geboekt, aan de andere kant is nog een lange 

weg te gaan voor we elke patiënt een behandeling aan kunnen bieden die zowel effectief, als 

veilig, als betaalbaar is. Mogelijk kan precisie-oncologie eraan bijdragen dit uiteindelijke doel te 

bereiken: door behandeling af te stemmen op de specifieke kenmerken van een patiënt, zijn of 

haar tumor, en het tumor micro-milieu, kan de effectiviteit toenemen, terwijl onnodige toxiciteit 

en kosten voorkomen kunnen worden. Als dit lukt met bestaande middelen, zou het bovendien 

de tijd en kosten voor ontwikkeling van nieuwe behandelingen besparen. De hierbij besproken 

strategieën komen allen voort uit die gedachte. 
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